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Abstract/Résumé

Characterization of TFETs made using a Low-Temperature process and innovative
TFETSs architectures for 3D integration

This thesis presents a study of FDSOI Tunnel FETs (TFETs) from planar to trigate/nanowire structures. For
the first time we report functional “Low-Temperature” (LT) TFETs fabricated with low-thermal budget (630°C)
process flow, specifically designed for top tier devices in 3D sequential integration. “Dual I,Vps” method
confirms that these devices are real TFETs and not Schottky FETs. Electrical characterization shows that LT
TFETs performance is comparable with “High-Temperature” (HT) TFETs (1050°C). However, LT TFETs
exhibit ON-current enhancement, OFF-current degradation and Vyy shift with respect to HT TFETsS that cannot
be explained via BTBT mechanism. Charge pumping measurements reveal a higher defect density at the top
silicon/oxide interface for geometries with narrow widths in LT than HT TFETs. In addition, low-frequency
noise analyses shed some light on the nature of these defects. In LT TFETs, we determined a non-uniform
distribution of defects at the top surface and also at the tunneling junction that causes trap-assisted tunneling
(TAT). TAT is responsible of the current generation that degrades the subthreshold swing. This indicates the
tight requirements for quality epitaxy growth and junction optimization in TFETs. Finally, we proposed novel
TFET architectures. TCAD study shows that the extension of the source into the body region provides vertical
BTBT and a larger tunneling surface. Ultra-thin heavily doped boron layers could allow the possibility to obtain
simultaneously a good ON-current and sub-thermal subthreshold slope in TFETs.

Keywords: Tunnel FET, TFET, SOI, BTBT, Low-Temperature, 3D integration, Charge pumping,
low-frequency noise, Extended-source, Pure Boron.

Caractérisation de transistors a effet tunnel fabriqués par un processus basse
température et des architectures innovantes de TFETSs pour I’intégration 3D

Cette these porte sur 1’étude de transistor a effet tunnel (TFET) en FDSOI a géométries planaire et triple
grille/nanofils. Nous rapportons pour la premiere fois des TFETs fabriqués par un processus basse température
(600°C), qui est identique a celui utilisé pour I’intégration monolithique 3D. La méthode “Dual I,V confirme
que ces TFETSs fonctionnent par effet tunnel et non pas par effet Schottky. Les résultats des mesures électriques
montrent que I’abaissement de la température de fabrication de 1050°C (HT) a 600°C (LT) ne dégrade pas les
propriétés des TFETs. Néanmoins, les dispositifs réalisés a basse température montrent un courant de drain et de
fuite plus élevés et une tension de seuil différente par rapport aux HT TFETs. Ces phénomenes ne peuvent pas
étre expliqués par le mécanisme d’effet tunnel. Le courant de pompage de charges révele une densité d’états
d’interface plus grande a I’interface oxide/Si pour les dispositifs LT que dans les TFETs HT pour les zones
actives étroites. Par ailleurs, une analyse de bruit basse fréquence permet de mieux comprendre la nature des
pieges dans les TFETs LT et HT. Dans les TFETS réalisés a basse température nous avons mis en évidence une
concentration en défauts non uniforme a I’interface oxide/Si et a la jonction tunnel qui cause un effet tunnel
assisté par piege (TAT). Ce courant TAT est responsable de la dégradation de la pente sous seuil. Ce résultat
montre la direction a suivre pour optimiser ces structures, a savoir une épitaxie de treés haute qualité et une
optimisation fine des jonctions. Finalement, nous avons proposé de nouvelles architectures innovatrices de
transistors a effet tunnel. L’étude de simulation TCAD montre que 1’extension de la jonction tunnel dans le canal
augmente la surface de la région qui engendre le courant BTBT. Une fine couche dopée avec une dose ultra-
haute en bore pourrait permettre 1’obtention a la fois d’une pente sous le seuil faible et un fort courant ON pour
le TFET.

Mots clés: transistor a effet tunnel, TFET, SOI, BTBT, basse température, intégration 3D, pompage
de charges, bruit basse fréquence, jonction étendue, Bore.
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Introduction

During the first half of 20th century electronics was based on the vacuum tube triode
technology. A great number of innovations were developed such as amplification of audio
signals or the first electronic computers powered by vacuum tubes in late 1940’s and early
1950’s (ENIAC). However, due to the increase of complexity in the electronic circuits
implemented in new computer designs, the use of vacuum tubes was unsustainable and this
technology became obsolete.

The invention of the transistor by William Shockley, John Bardeen and Walter Brattain in
1947 and the first bipolar junction transistor in 1948 (William Shockley), marked a milestone
for the research in solid state electronics. Compared to previous technologies, transistors were
more reliable, longer lasting, produced less heat and consumed less power. At that time
transistors were fabricated as individual electronic components and eventually circuits
implemented with this approach were extremely difficult to assemble. Therefore, despite of
the astonishing capabilities the feasibility of this new technology required the miniaturization
in order to reduce the effective cost of the elements. In 1958 Jack Kilby came up with the idea
of monolithic integration and proved that devices could be made on a same substrate and
interconnected "in situ". Robert Noyce requested the patent of the integrated circuit in 1959
with the aim to make multiple devices on a single piece of silicon to make interconnections as
part of the process fabrication. From that moment on, integrated circuits began to include
more devices (not only transistors, but also interconnects, capacitors, resistors, etc.). In 1965,
Gordon Moore published a paper predicting that the density of transistors on a chip would
double every 18 months [1]. He claimed that by 1975 a state-of-the-art microchip should
contain 65000 transistors and the actual count on a memory chip of that period, was deviated
only 1% with respect to Moore’s analysis. Each new processor released since then has
doubled the transistor count with respect to the previous one, because the technology
companies adopted this strategic principle as a figure of merit to characterize the progress.

Since early-1980’s the requirements for energy consumption reduction of the computer
industry made the MOSFET (Metal Oxide Semiconductor Field Effect Transistor) the main
type of transistor for logic and memory applications. Moreover, CMOS (Complementary
Metal Oxide Semiconductor) technology is still the basic building block of the circuitry for
logic integrated circuits. From that moment and until late 1990’s the geometry scaling of
silicon transistors allowed one to fabricate smaller devices with a higher performance and a
lower switching energy for each new technological node. However, it became clear that with
the physical gate length approaching values of hundreds of nanometers it will not be longer
possible to provide a good electrostatic control of Short-Channel Effects (SCEs) via front gate
voltage. Another important limiting factor was the impossibility to continue scaling the gate
oxide thickness (Si0O;). In early 2000’s the semiconductor industry adopted the equivalent
scaling path. The objective is to keep under control the SCEs not only with geometry
reduction, but also using new materials for the channel layer or for the gate oxide, combined
with new architectures based on multiple gates such as trigate/nanowire transistors to
significantly improve the electrostatic control. A great number of boosters are being used to
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continue increasing the performance, such as SiGe material, strained silicon, Gate-Last
technology, high-k metal gate, etc. However, all these process fabrication improvements are
not enough to achieve devices with very low power consumption.

During the last decade state-of-the-art microprocessors have experienced a change of
paradigm with respect to the design rules. Currently, delivery of the highest performance
possible is no longer always the major concern, and one often requires a computation
efficiency which means the maximum performance at the lowest possible power
consumption. This is consequence of the industrial needs for lower power consumption in
battery-operated handheld devices. However, in nodes with a gate length shorter than 100 nm
the static power consumption (device should be in off-state) has significantly increased to
values close to the dynamic power consumption as shown in Figure 1.
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Figure 1. Evolution of dynamic and static (leakage) power consumption in CMOS technology with
geometry scaling [2].

Therefore reduction of the static power consumption requires devices with a very steep
subthreshold slope to minimize the off-current. Unfortunately, even the most innovative
solutions in CMOS technology, such as FInFETs [3] or FDSOI [4] (Fully Depleted Silicon On
Insulator) architectures, are unable to solve this problematic. The physics involved on the
carrier injection mechanism of MOSFETSs, thermionic emission of carrier overcoming a
potential barrier, inherently tie the minimum achievable subthreshold swing value to 60
mV/dec at room temperature (Figure 2). This confirms the necessity to implement new
physics in transistors in order to achieve very steep subthreshold slopes enabling the
possibility to fabricate devices for ultra-low power applications (Vpp < 0.4 V).

120

Planar Transistors

100+

80

FinFET
0| Ry

Subthreshold Swing [mV/dec]

350 .25u .18u .13u 90n 65n 45n 32n 22n 14n
Technology Generation

Figure 2. Subthreshold swing (SS) characterized in different CMOS technology generations. Last
generation of planar structures SS was constrained to values close to 100 mV/dec. Only trigate
architectures (FInFET or FDSOI) achieve SS values close to the thermal limit of 60 mV/dec [2].
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The International Roadmap for Devices and Systems (IRDS) have identified a great
number of devices with the potential capabilities to achieve SS below 60 mV/dec, called
“Beyond-CMOS” devices [5]. However, there are important conditions to fulfill: firstly, the
process fabrication of these steep slope devices must be compatible with the co-integration of
MOSFETs. Secondly, the viability as a technology with possibilities to be extended for 3D
Power scaling [6]. These conditions severely restrict the candidates, but Tunnel FETs
(TFETs) still stand out as one of the most important. During the last decade TFETSs have been
extensively studied and considered as one of the most promising devices for ultra-low power
applications. Unfortunately, the mismatch showed between experiments and simulations
linked to the inability for achieving simultaneously a high on-current and a steep slope [7],
focused the attention on other type of devices. Despite this context, TFET investigations are
still ongoing because the technology is based on the same architecture, materials and boosters
used in CMOS devices. This implies that successive improvements in process fabrication,
specifically in junction formation and new epitaxy techniques for extremely thin film layers
with a good quality control, will reveal the true performance of TFETs, that it is currently
degraded.

The work of this thesis is focused on the study of FDSOI Tunnel FET devices from
planar to trigate/nanowire structures. Its aim is to shed light on the capabilities of silicon or
SiGe TFETs for ultra-low power applications. It also aims at identifying which are the major
challenges that prevent TFETSs to be co-integrated with CMOS technology. We have studied
well-known parameters such as I-V characteristic, Ipn/lprr ratio and subthreshold swing
which serve as performance indicators. We have measured devices made using different
thermal budgets and extracted information on defects through charge pumping method and
with low-frequency noise analysis (LFN). Using these measurements it is possible to
differentiate whether TFET performance limitations are intrinsic to device physics or are a
fabrication maturity issue. TCAD simulations were also used to evaluate possible device
architecture improvements that can simultaneously lower the subthreshold slope and achieve
higher high on-current.

The originality of this thesis work resides in:

1. The first demonstration of functional “Low-Temperature” (LT) Tunnel FETs
based on a compatible CMOS process fabrication and with similar performance to
conventional TFETs. This opens the door of TFETSs as a potential candidate for
3D integration.

2. The confirmation that interface oxide traps and junction defects are not passivated
enough with the LT annealing process. This results in a trap-assisted tunneling
(TAT) effect, which generates a higher on-current in the subthreshold region that
degrades the subthreshold slope.

3. The design and simulation of TFET device engineering and innovative planar

architectures, proving the possibility to obtain simultaneously steep slope and
high on-current via interband tunneling in extremely thin silicon films.
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The manuscript is organized as follows:

Chapter 1. We explain why the equivalent scaling cannot overcome limitations on power
consumption and delay degradation in ICs. It is also noticed the importance of power
efficiency in the emerging and profitable handheld device market and the limitations of
MOSFET physics for low-voltage application. Lastly, we identified the most studied Beyond-
CMOS devices and explained why Tunnel FETs are still one of the most promising steep
slope devices in spite of the current challenges in device performance.

Chapter 2. It is dedicated to the operation principle of Tunnel FETs and, in particular,
the potential for achieving a steep subthreshold slope. Also, the main reasons for the
discrepancy between simulated and fabricated devices are discussed. In addition, a TCAD
study identifies the impact of different parameters (7s;, Lg, Ly, EOT and materials) on
performance and allows one to highlight the most important challenges for TFET
optimization. The structure and fabrication process of the TFETs made by the CEA are
detailed and a list of the most interesting current research efforts on TFETs is provided.
Finally, we benchmark the performance of the most important TFETs fabricated during the
last decade.

Chapter 3. We report for the first time functional TFETs made with a low-temperature
process, indicating that can be a promising candidate for 3D Power scaling such as
CoolCube™, Using an electrical characterization method called “Dual IpV)p” it is possible to
determine if a device has a real interband tunneling behavior or if it is a Schottky FET. LT
TFETs exhibit higher on-current and degraded off-current than their “High-Temperature”
(HT) TFETs counterparts. Besides, a simulation study confirms the results obtained from
experiments for gate overdrive voltages. Several hypotheses are made to explain this
unexpected behavior.

Chapter 4. This chapter is focused on explaining why LT TFETs present a higher on-
current and a higher leakage current than HT devices. Charge pumping measurements confirm
a higher density of interface states at the top interface in LT than HT TFETs. Besides, a low-
frequency noise analysis confirms that LT devices exhibit more traps in the junctions that give
place to TAT tunneling current instead of interband tunneling, which degrades the
subthreshold slope. These results suggest the evidence that the main constraints for a good
TFET operation are related with the maturity of the current process fabrication.

Chapter 5. This chapter is dedicated to an extensively TCAD simulation analysis of
innovative planar architectures to achieve simultaneously a steep subthreshold slope and a
significant on-current. Best options rely on increasing the surface for the interband tunneling
via extension of the tunneling junction into the body region. Also, a better electrostatic control
can be achieved with extremely thin films.
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Chapter 1.
Context of the thesis and Beyond-CMOS devices

1.1. The end of planar scaling

Among all the available mechanisms to accomplish Moore’s trend [1] in a cost-effective
way, miniaturization or geometry scaling was identified as one of the most important. In order
to fulfill this requirement during 1980’s and 90’s the industry relied on the “constant-field
scaling” method proposed by Dennard er al. [2], that considers the impact of the device
geometry scaling on the device performance. Basically, reducing the size of transistors
increases their density on a chip, which for a constant chip size, increases the functionality of
the circuits for a lower cost. Unfortunately, in the new millennium pure geometrical scaling
came to an end (and with that Dennard’s rules), because it was no longer possible to
guarantee good electrostatic control of transistors due mainly to of Short-Channel Effects
degrading the performance [3]:

1) Electric field-induced mobility degradation: the mobility of the carriers in the
channel decreases when gate voltage is increased, due to surface roughness
scattering.

2) Depletion capacitance of poly-Si gate and inversion layer capacitance: Both these
effects increase the effective gate oxide thickness and, therefore, reduce the
current drive of the transistor.

3) Subthreshold swing: the transistor cannot "instantly” switch from OFF to ON. The
laws of thermodynamics impose the gate voltage to increase by at least
In(10)xkT/q (= 60 mV) in order for the current below threshold to increase a
tenfold.

4) Parasitic resistance of devices: the shorter the channel, the larger the relative
importance of source, drain and contact resistances.

5) Leakage current (gate insulator leakage, gate-induced drain leakage).
6) Threshold voltage roll-off with gate length.

7) Drain-induced barrier lowering: threshold voltage decreases with drain voltage.

In order to overcome all these undesired physical effects it is necessary to increase the
performance via innovative boosters. Mobility degradation can be improved using different
materials such as Germanium (with higher electron and hole mobility than silicon), SiGe or
III-V compounds. Strain technology has also been widely used to boost mobility. Gate
capacitance can be increased using high-k dielectrics in order to obtain a small EOT with a
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relatively large dielectric film thickness, thereby avoiding gate tunnel current. Parasitic source
and drain resistance is highly improved with raised source and drain and silicidation process.
With respect to the off-current, the implementation of Silicon On Insulator (SOI) layers,
isolating the body region from the substrate has demonstrated the reduction of leakage current
by several orders of magnitude compared to bulk transistors. However, the issue of a steep
subthreshold slope is still under investigation, CMOS technology is unable to provide a sub-
thermal subthreshold slope (further explained in next section).

The implementation of these boosters is expensive and has caused a rapid increase of
technology cost ($/mm?) in every new technological node below 130 nm. But according to
recent data (Figure 1.1), this higher cost can be offset by higher transistor density per mm?
and by an increase of wafer volume production [4].
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Figure 1.1. Increase of the cost/area in new nodes because of boosters and reduction of area/transistor
with node scaling. Result is a reduction of the cost/transistor [4].

Moore’s law has continued the historical trend of increasing transistor count (More
Moore), but in in the last decade new options such as co-integration of CMOS with other
functions (More than Moore) have emerged. Silicon transistor scaling continues to deliver
higher performance and lower power in a cost-effective way. There is a strong demand for
further scaling due to a great number of services that request superior performance. For
example data centers, based on clusters of servers and memory banks, have a power
consumption into the hundreds of megawatts range [5]. Unfortunately, IRDS has foreseen that
after 2027 there will be no room for further 2D geometrical scaling, because it is projected
that the physical channel length of transistors would saturate around 12 nm. In addition,
below 5-10 nm of gate length undesired direct source-to-drain tunneling takes place,
increasing the leakage current and degrading the performance of the device.

Trigate architectures such as FinFETs offer better electrostatic control than planar
MOSFETs and will be used as the key device architecture in order to extend 2D scaling until
2021 for high-performance logic applications. However, beyond 2019, scaling of passive
elements such as interconnects becomes one of the major concerns as a consequence of
tightening design rules. Even before reaching such small gate length, the delay of metal
interconnections is already much larger than gate delay, hence the global delay of the
integrated circuit is degraded due to the dominance of the capacitance of the metal lines

(Figure 1.2).
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Figure 1.2. Projection of on-chip electrical interconnect delays with technology scaling [6].

When this happens, it will be necessary to develop a new technology called monolithic
3D integration. The idea is to fabricate devices on top of each other to maintain the transistor
density, but shortening the overall metal interconnection length. Currently under research on
trigate architectures, a transition to Gate-All-Around (GAA) it is mandatory in order to reduce
the power supply and keep a good electrostatic control. Eventually an evolution to vertical
structures will be necessary: beyond-CMOS devices with steep slope and the addition of new
functionalities, such as the integration of several memory circuits on top of logic circuits.

The integrated circuit is the concept that triggered the era of information and technology
in which we are living nowadays and caused an inflection point in our society. In addition, it
has transformed the semiconductor industry in a profitable market size of over $350 billion.

1.2. Towards the path of enhanced power efficiency

The first computer system developed by IBM (System/360) was fabricated based on
bipolar solid logic technology. At that time, bipolar transistors were better switches and more
reliable than any MOSFET device fabricated so far. On the contrary, they presented a higher
cost and also a higher power consumption than MOSFETs. Despite these drawbacks, since
only large corporations could afford to buy a computer, expensive heat dissipation systems
were implemented in order to obtain the maximum performance. The computer industry
relied on bipolar technology until early-1980’s. The apparition of the personal computer
(1981) and the introduction of small computers at all levels of society confirmed that it was
necessary to find an alternative to bipolar transistors, partly because large energy
consumption was no longer sustainable. Therefore, CMOS technology with acceptable power
consumption and lower cost than bipolar ICs, became the choice for logic and memory
applications.
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Figure 1.3. Power consumption of Intel’s CPUs in history. In early 2000’s the limit of 100 Watts was
already reached [7].

Due to a lower switching energy in successive technology generations, each new released
microprocessor could operate at higher frequencies and therefore, offered higher computer
performance. Unfortunately, device shrinking was accompanied by an increase in IC power
density. Figure 1.3 shows that the power consumption has increased from almost 2 W/em? in
the 1386 processor (1.5 um gate length) to nearly 100 W/cm? in Pentium processors (0.13 um
gate length). At this point it became clear that it would be impossible to simultaneously
increase the transistor density and the operation frequency of microprocessors. Finally, the
solution adopted was to continue increasing the number of transistors according to Moore’s
law, while limiting the microprocessors operating frequency to a few GHz in order to make
ICs able to work under practical thermal conditions. However, to solve the limitations of this
constraint with respect to the output performance, it was necessary to modify the process
architecture from single core to multi-core. With this approach, each core would run up to 2
GHz, while the total output rate of the microprocessor is fold by the output combination of the
multiple cores.

In order to fabricate low power logic devices it is necessary to understand what is causing
an increase of the energy consumption during the binary switching in a CMOS inverter:

Pconsump = den + Pstatic = afCLoadVDZD + lorrVpp (1.1)

Before specific ICs were fabricated for mobile phones, the voltage supply was still high
(~3 V). From equation (1.1), one can notice that the most effective technique for decreasing
power consumption in an integrated circuit is simply to reduce the supply voltage Vpp.
However, Figure 1.4 shows that the scaling of Vpp below 0.8 V has become extremely
challenging [8]. In order to keep up performance, which is proportional to the current drive
Ip~(Vpp — VTH)Z , threshold voltage (V) must be decreased together with Vpp. Reducing Vg
increases leakage current due to the finite value of the subthreshold slope, short channel
effects and other effects such as random dopant fluctuation. This implies that for new
technological nodes, the switching energy (~CVpp?) cannot be scaled as low as it should be
due to the unmatched Vpp scaling and to the increase of short-channel effects with gate length
reduction. When the threshold voltage is lowered, the OFF current increases exponentially,
such that the static power consumption (IprrXVpp) reaches levels equal to those of the
(useful) active power consumption.
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Figure 1.4. Supply voltage scaling (Vpp) based on Dennard’s rules (early 2000’s) and new material scaling
(up to 2010). Currently V), scaling saturates at around 0.8 V [8].

1.2.1. CMOS limitation for low-voltage applications

Transport in MOSFET devices is based on the drift-diffusion mechanisms. For an N-type
bulk MOSFET (p-type substrate) with no applied bias, majority carriers from source and drain
junctions (electrons) diffuse into the channel region (Figure 1.5a). The same occurs for the
majority carriers in the channel (holes) that diffuse towards the source and drain. As a result
depletion regions are created in the junctions, together with potential barriers (local potential
variations). Under thermodynamical equilibrium the diffusion current is exactly compensated
by the drift current due to the potential variations. If a positive gate voltage is applied, the
energy of the barriers start to decrease, electrons can diffuse from the source and drain in the
P-type region, and an inversion layer is created at the channel surface, connecting the source
and drain. If a positive drain voltage is applied, electrons can flow from source to drain.

a) b)

Source Gate Drain

Figure 1.5. (a) N-channel MOSFET device structure schematic; (b) Energy band diagram in flat-band
zero-bias equilibrium condition. High energy barriers at the junctions prevent that electrons cross
towards the drain terminal [9].

The channel charge density in a MOSFET is given by the Boltzmann distribution:

0 o T (1.2)
where ¢ is the surface potential at the Si/insulator interface. As the subthreshold current is
proportional to the charge density, the drain current in a MOSFET can be expressed by [10]:
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From equation (1.3) we can calculate the subthreshold swing, which is an important
figure of merit to determine if a device is a good candidate for ultra-low power applications.

soum_ Vo _dVe dg. _
~ d(logyolp)  desd(logioIp)

Subthreshold swing indicates how much voltage one must apply to the front gate terminal
to achieve an increase change of the drain current by one order of magnitude. This provides a
measure of how abruptly a device can be switched from off-state to on-state. A lower SS 1is
desirable because it represents a sharper switching between the ON and OFF states.
Conversely a higher SS implies "spending" a grand deal of gate voltage to turn the device
from OFF to ON. The term m in equation (1.4) is the body factor and for a bulk MOSFETS is
given by relationship m = 1+Cp/C,,, where Cp is the bulk depletion capacitance and C,, is the
gate oxide capacitance. Both C,, and Cp are positive in CMOS technology, so the best case
scenario occurs when C,, >> Cp and thus, m is close to unity although slightly greater. The
term n is given by:

mxn (1.4)

dos mV mV
n= —d(10g10 ID) E ~ 60@ (15)
Equation (1.5) confirms that the k7/g term is limiting the minimum achievable
subthreshold slope of MOSFETs to 60 mV/dec at room temperature (300K). It is a
fundamental limit due to the Boltzmann distribution of electrons in the energy bands. When
SCEs began to degrade the electrostatic behavior of the devices (technology node 0.35 um),
the doping of the channel region was progressively increased to achieve reduced short-
channel effects. However, a higher doping caused a reduction of the depletion width and
therefore a higher Cp (~ &4/X4ep1), increasing the body factor and the subthreshold swing. The
last bulk technology nodes based on planar architectures (from 90 nm to 32 nm) introduced
high-k materials for the gate oxide to keep a constant Cp/C,, ratio from node to node,
obtaining values of SS around 96 mV/dec [11]. However, this value is too high for low-power
applications purposes. The introduction of trigate architectures such as FinFETSs allows one to
reduce the SCEs without increasing the channel doping and Cp, is significantly reduced (with
values of n close to 1.1), achieving SS values in the range of 65-75 mV/dec. Similar results
are obtained for FDSOI architectures owing to the presence of the Buried Oxide (BOX) layer.

KT
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Figure 1.6. Transfer characteristic of a MOSFET showing that for a fixed subthreshold slope, reducing
the threshold voltage implies a significant degradation (increase) of the off-current [12].
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Unfortunately, it is not possible to reduce SS below 60 mV/dec in a MOSFET, even in
the absence of SCEs.

Figure 1.6 shows that a reduction of the bias supply Vpp requires also the proportional
reduction of V7y to maintain constant performance (constant current drive). However,
reducing Vry implies increasing the off-current and, therefore, increasing the static power
consumption. As a result, MOSFET technology is not suitable for ultra-low power
applications (Vpp < 0.4 V). The only way Vzy can be reduced without increasing the OFF
current is to reduce the subthreshold slope (SS < 60 mV/dec). Such devices will need to be
based on different physics principles with a different carrier injection mechanism than in
MOSFET. An ideal steep slope switch enables the reduction of the threshold voltage without
increasing the off-current (Figure 1.7) compared to a regular switch. There are two
possibilities: either obtain a body factor slightly higher than unity (m > I) and n < 60 mV/dec
(Tunnel FETs, Phase-FETs) or m < I (negative capacitance effect) and n ~ 60 mV/dec as
happens in Ferroelectric-gate "negative capacitance" FETs.

0.5
steep slope switch
1 _ _O=0-
10 T =o-0 x 104
3 general switch
L N0 gepr 103
E) 10 102
107 oo 101
y V. H
| th ;
109 LloEF_ ' 0.0

0.0 0.2 04 | 0.6 | 0.8 1.0
Gate Voltage [V]

Figure 1.7. I,(V¢) curves of a general switch and a steep slope switch. With a steep subthreshold slope it is
possible to reduce V;y without degrading the off-current [11].

1.3. Beyond-CMOS devices

Innovative computing paradigms and applications such as big data, artificial intelligence,
exascale supercomputing and robotics are requesting simultaneously higher performance and
efficiency requirements that are extremely challenging to provide using the current CMOS
technology, despite of all the implemented boosters [13]. However, beyond-CMOS
technologies based on state-of-the-art architectures, processes and materials open the door to
new solutions that can be extended even for 3D power scaling. According to the European
NEREID project, a significant investment effort has been done in emerging computing
paradigms, namely: Quantum computing, Molecular Electronics, Spintronics, 2D materials,
Neuromorphic computing and beyond-CMOS. Of course, the disruption from the classical
von Neumann approach differs in each case. Quantum and Neuromorphic computing
completely disrupts all system levels from device to algorithm [14], while for extended and
beyond-CMOS only the device and logic levels are affected right now, although 3D power
scaling will most likely also have an important impact on the processor’s microarchitecture.
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Figure 1.8. Classification of beyond-CMOS devices based on the structure/materials (conventional or
novel) and the computational variables charge (voltage, current), non-charge (spintronic, orbitronic) [13].

Figure 1.8 shows the classification done by IRDS for emerging logic devices, based on
the level of innovation of structure/materials (similarity with the current CMOS process
fabrication), with charge based devices (transistor-like) or non-charge devices (sprintronic or
orbitronic). Recently, benchmarking studies have been published with beyond-CMOS devices
for logic integrated circuits [15] and boolean and Neuromorphic representative circuits [16].
Despite the fact that the majority of devices are evaluated via simulations, results suggest a
general trend indicating that steep slope switches present some advantages over high-
performance CMOS in terms of lower switching energy, though they are inferior to CMOS in
delay (slower switch). Now, we present some of the most promising steeper slope devices that
have already been fabricated.

1.3.1. Impact ionization MOSFET (IMOS)

The impact-ionization field-effect transistor (IMOS) [17] uses modulation of the impact
ionization (avalanche breakdown) of a gated p-i-n structure to realize sharp switching. Figure
1.9a shows the schematics of an n-channel IMOS device with an intrinsic region between gate
and source. On the contrary to MOSFETSs, where the carriers are supplied by thermal injection
from the source to the channel, carriers in IMOS are provided by avalanche breakdown in the
intrinsic region (L) from the source to the channel when Vi > Vg (Figure 1.9¢). The role of
the gate is to accumulate electrons (N* electrostatic doping) that reduce the effective length
from the nominal value (OFF state) to that of the intrinsic region (ON state) increasing the
lateral effective field.

Very steep slopes have been obtained for p-channel SOI IMOS (L =2 um, Ly = 0.2 um)
in the range of 10-15 mV/dec [18] and for complementary IMOS on SOI (L = 200 nm = L;y)
down to 2 mV/dec with on-current similar to CMOS [19]. Unfortunately, the threshold
voltage and the drain polarizations required to trigger avalanche breakdown are too large ( ~
20 V), although the breakdown voltages scale down in smaller geometry devices with a
reduced intrinsic region [18]. In addition, when the device is under stress with repeated
measurements, the threshold voltage increases monotonically and the subthreshold swing is
severely degraded. This is consequence of the high electric field needed for avalanche
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breakdown, causing hot carrier injection into the gate dielectric. There are reliability issues
because of damage created by the impact ionization process to the gate oxide and spacers.

Gate OFF state electron
N* Drain /" P*Source < ™ E

hole

(c)

Figure 1.9. (a) Schematics of an n-channel IMOS device. (b) Energy band diagram in off-state. When V; <
Vry the electric field between channel and drain is not high enough to trigger the impact ionization. (c)
For Vg > Vpy, the effective channel length is reduced and avalanche breakdown is triggered, causing an
abrupt increase of the drain current [20].

1.3.2. Z>-FET

The Z*-FET is a forward biased p-i-n diode fabricated in FDSOI technology and featuring
an intrinsic region (Lzy), which is not covered by the front gate. Figure 1.10a presents the
schematics of a p-type Z>-FET, where the P* source is grounded (Vs = 0), and the N drain is
forward biased (Vp < 0). The negative and positive polarizations of the front and bottom gates
(Vg <0, Vg > 0) create a hole injection barrier in the L region and an electron injection
barrier in Ly region, disabling the carrier flow at low drain voltage. With this configuration
we have a pnpn thyristor-like structure. The operation principle of the Z>-FET involves a
strong positive feedback between the carrier flow and the gate-controlled injection barriers
that turns on the device sharply due to the suppression of both injection barriers (with no need
of impact ionization) [21]. The Ip(V) curve in Figure 1.10b shows an abrupt subthreshold
slope (< 1 mV/dec), a high current Ipn/IoFr ratio > 108 at supply voltage around 1 V.
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Figure 1.10. (a) Schematic of a p-type Z>-FET. (b) Transfer characteristics showing a steep subthreshold
slope for a Z>-TFET with Ts; = 20 nm, Tpx = 145 nm, L; = 400 nm and L;y = 500 nm [22].
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The Ip(Vp) curves of the Z*-FET exhibit a gate-controlled hysteresis, which in fact limits
the possibilities of this steep switch device for logic circuits unless very fast pulses are
applied on the gate [23]. On the other hand, the hysteresis makes the Z>-FET very interesting
for memory applications, such as capacitor-less single-transistor DRAM (1T-DRAM), single-
transistor SRAM or Electrostatic Discharge (ESD) protection and charge sensors.

1.3.3. Negative capacitance FET (NC-FET)

The negative capacitance MOSFET aims at achieving a steep slope by boosting the
increase of the surface potential ¢; with respect to the gate voltage, instead of modifying the
carrier injection mechanism. In conventional MOSFETs fabricated with high-k dielectrics, C,,
is always positive and it is not possible to achieve a body factor m < I. To reduce the body
factor below unity, one can replace part of the gate dielectric by a material that has a
"negative capacitance", which can be obtained using some ferroelectric materials [24]. Using
such a gate stack, the surface potential can increase faster than the gate voltage, creating a
large amount of charge and a higher current compared to a conventional MOSFET.
Experimental devices with ferroelectric/SiO, gate stack reporting a SS of 13 mV/dec have
been demonstrated [25]. Unfortunately, a permanent polarization of the ferroelectric layer is
usually observed, which results in a shift of the threshold voltage and a hysteresis effect in the
Ip(Vi) curves. This effect 1s extremely useful for memory applications but it jeopardizes the
use of such materials for logic gates, because the gate voltage partly loses ability to turn off
the device. Different solutions to suppress the hysteresis can be found in the literature.

V.= 01V 0.5V |

DS
forward —s— —o— |

-2 -1 0 1 2

Figure 1.11. Ip(Vg) curves of a Fe-HZO FET showing a reduced hysteresis window of 0.1 V and a
subthreshold swing below 60 mV/dec for forward and reverse bias ramps [26].

Recently, a ferroelectric HfZrOx (Fe-HZO) FET was reported exhibiting a small
hysteresis window with a Vr shift below 0.1 V (Figure 1.11) and a subthreshold swing below
60 mV/dec [26]. Moreover, some strategies to achieve hysteresis-free devices have been
proposed, for example a gate stack formation of Fe-HZO/epi-Ge/Si FETs with an
experimental 3 mV Vg shift [26] and the first reported NC-FinFET with HfZrO2 with higher
ferroelectricity (higher crystallinity by annealing at higher temperature) that suppresses the
hysteresis [27]. Despite of all the efforts, there are still important challenges with respect to
the ferroelectric material growth and process compatibility with conventional MOSFET
process fabrication.

10



Chapter 1. Context of the thesis and Beyond-CMOS devices

1.3.4. Nano-electromechanical Switches (NEMS)

Nano-electromechanical switches (NEMS) based on a mobile gate have also been
considered for ultra-low power applications, because of two important characteristics: firstly,
they feature a zero off-state leakage current and secondly, they have a zero subthreshold
swing [28]. In early 2000’s a device called the NEM-FET was proposed, which combined a
conventional MOS transistor and a suspended metal membrane [29], [30] as shown in Figure
1.12a. The operation principle is simple: when a gate voltage is applied, there is an electric
field-induced force (f....) that reduces the air gap, so the intrinsic voltage in the gate oxide is
tuned with the capacitor divider formed by Cy; and C,,.

a) anchor

b)

gate
spring K mobile
ate
(.
air-gap, t,, ox
source ? = : drain

n+ e channel T | n+ O

p-substrate Drain Porrstate
Figure 1.12. (a) Schematic of a Suspended-Gate MOSFET with a mobile gate terminal [30]. (b) Schematic
of a planar three terminal electrostatic switch [31].

ON-state

Simultaneously, an elastic force appears (f.,;) with same magnitude as f..., but in
opposite direction. At a given gate voltage V,; (pull-in voltage) the system balance is lost and
the gate terminal connects to the gate oxide. Therefore, there is abrupt change in the surface
potential (amplification) from the intrinsic voltage to the V,;, which induces an increase of the
drain current. An experimental SS of 2 mV/dec was reported, together with an ultra-low
leakage current (< 0.1 pA) due to the air gap [30]. However, the gate voltage required to
trigger the effect is quite high (~9 V). Furthermore, a shift in the V,; voltage appears after
several OFF/ON cycles due to oxide degradation, giving rise to a hysteresis effect. This
renders the device rather unsuitable for logic applications. In addition, this device cannot be
easily scaled down.

During last decade, a great effort has been done to improve the design (Figure 1.12b) and
reliability of integrated circuits based on mechanical relays [31], but miniaturization is still
one of the main challenges. Unfortunately, logic NEMS still suffers from requiring large
supply voltages and large area compared to MOSFETs. In addition, the fabrication steps are
very different from those used in conventional CMOS technology [28]. Nowadays, the use of
electromechanical switches is oriented to auxiliary devices to help conventional CMOS
circuits for being more energy efficient, for example as non-volatile elements to facilitate the
power gating without data loss in the registers. The idea is to use the back-end-of-line process
to integrate 3D NEMS switches with CMOS transistors for ultra-low power logic and
memory circuits.
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1.3.5. Tunnel FETs (TFETsS)

Tunnel FETs are considered as one of the most feasible contenders for ultra-low power
applications because they have the theoretical capability of providing a sub-thermal
subthreshold slope. This is possible because TFETs rely on interband tunneling as carrier
injection mechanism, which is temperature independent. Unfortunately, TFETs are very
sensitive to defects located in the semiconductor region and at the interface. The trap-assisted
tunneling (TAT) mechanism, which is temperature dependent, is causing band-to-band
tunneling (BTBT) to occur when the device is supposed to be turned off, resulting in a
generation current that degrades the subthreshold slope. This explains why very few
experimental TFETSs reach a SS below 60 mV/dec [32].

A qualitative comparison between TFETSs and the rest of the previously listed steep-slope
devices suggests that TFETs have a lower on-current and a less steep subthreshold slope than
the IMOS, the ZZ—FET, the NC-FET and NEMS. However, the TFET is still the most studied
and fabricated steep-slope switch device for low-power logic applications purposes. The main
reason for so much research ongoing on TFETs is that TFETs have the same
architecture/materials boosters as CMOS devices, and thus their fabrication is compatible
with CMOS. In addition, TFETs do not present hysteresis effects and the gate terminal has
full control on the device operation. According to the IRDS, the TFET is one on the most
viable devices for the 3D power scaling and can be co-integrated with CMOS for future
applications leveraging many parallel cores.

For these reasons, it is so important to understand the major problems that prevent TFETSs
from simultaneously achieving a steep slope and a high on-current, and to explore solutions
that can eventually solve these issues.

12
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1.4. Conclusions

Silicon transistor scaling continues to deliver higher performance and lower power in a
cost-effective way for each new technology generation. In order to accomplish the control of
the SCEs, the equivalent scaling allows one to increase the performance not only through
geometry reduction, but also via innovative materials and new architectures based on multiple
gates such as FInFET or FDSOI technology to enhance the effective electrostatic control.

State-of-the-art microprocessors are nowadays designed based on very tight and
restrictive power consumption rules. Currently, deliver the highest performance possible is no
longer always the major concern; we need to provide the maximum performance at the lowest
possible power consumption. Unfortunately, equivalent scaling cannot overcome the
limitations on power consumption and delay degradation in logic integrated circuits.
Moreover, specific integrated circuits for ultra-low power applications will demand a bias
supply lower than 0.4 V, but in CMOS technology scale Vpp below 0.8 V has become
extremely challenging. The reason is that the physics involved on the carrier injection
mechanism of MOSFETs, limits the subthreshold swing to a minimum value of 60 mV/dec at
room temperature. Vpp reduction requires also the proportional reduction of the threshold
voltage to maintain a constant performance. However, Vg reduction increases the off-current
and therefore the static power consumption. As a result, MOSFET technology is not suitable
for ultra-low power applications (Vpp < 0.4 V). It is mandatory to introduce new physics in
the transistors to modify the carrier injection mechanism.

Beyond-CMOS devices have the capabilities to achieve a sub-thermal subthreshold slope
(SS < 60 mV/dec). IRDS have identified a great number of potential candidates, but here we
highlight the most feasible candidates besides from Tunnel FETs, namely: Impact ionization
MOSFET (IMOS), ZZ—FET, Negative capacitance FET (NC-FET) and Nano-
electromechanical Switches (NEMS). Despite of the general low performance of TFETSs
architectures, this technology is still considered the most promising contender for ultra-low
power applications since it fulfills important conditions: firstly, TFET process fabrication is
fully compatible with the co-integration with MOSFETs. Next, TFETs do not present
hysteresis effect that degrades the electrostatic control for logic purposes. Finally, IRDS has
identified TFETs as a viable technology with significant capabilities to be extended for 3D
Power scaling.

The key messages of this chapter are: First, in next decade the semiconductor industry
will face the end of 2D geometrical equivalent scaling, and new options as co-integration of
CMOS with other functions will emerge. Secondly, tightening integrated circuits design
requirements for ultra-low power consumption (bias supply) are unattainable for
MOSFET technology and new physics in transistors are necessary. Beyond-CMOS
devices have the potential capabilities to provide sub-thermal subthreshold slopes.
Specifically, Tunnel FET technology gathers the most important conditions to be
considered a realistic choice for 3D Power scaling. This thesis aims at determining the
nature of the TFET performance limitations and the possible solutions.
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Chapter 2.
Tunnel FET devices

2.1. Interband tunneling (Esaki diode)

According to classical mechanics, in a PN diode an electron in the conduction band of the
N-region can be injected into the P-region only if it has an energy higher than the built-in
potential; otherwise the electron cannot cross the barrier. However, according to the laws of
quantum mechanics an electron is represented by a wave function. So, if the width of this
potential barrier is thin enough (space charge region in the diode), there is a finite probability
that an electron can tunnel through it.

The tunnel effect was reported for the first time by Leo Esaki in 1958 [1] on narrow
Germanium p-n junctions. The I-V characteristic of this device presents a non-conventional
behavior in forward bias (Figure 2.1a). A negative differential resistance (NDR) means that
when the voltage is increased beyond Vp, a current decrease is observed [2]. Note that, this
behavior cannot be explained by the equation I = Is([exp(qV /kT)] — 1) for a regular p-n
diode. The latter expression can only account for the diffusion current component in Figure
2.1b.
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Figure 2.1. (a) I-V characteristic of a Germanium p-n junction with NDR between the regions (Ip, Vp) and
Iy, Vy). (b) Split of the total current in three components: tunneling current, excess current and diffusion
current [3].

In a PN tunnel diode the tunneling occurs when the P- and N-type regions are
degenerately doped. The Fermi level in the P-type is below the maximum of the valence band
and in the N-type region it is above the minimum of the conduction band (Figure 2.2a).
Because of the heavy doping concentrations, the depletion region is very thin (~ 10 nm)
increasing the probability of tunneling through the depletion potential barrier. It is important
to recall that during tunneling the energy of the electron is conserved. It thus moves on a
horizontal line in energy-band diagrams [4].

17



2.1. Interband tunneling (Esaki diode)

Va V Va AY

Figure 2.2. Energy band diagrams of a tunnel diode in forward bias; (a) at zero bias; (b) peak tunneling
current; (c) valley current; (d) diffusion current [4].

In order to understand the I-V curve of a tunnel PN junction (Figure 2.1a), the energy
band diagrams are used (Figure 2.2) under different bias conditions [4]:

a)

b)

d)

At zero applied bias: The Fermi-Dirac distributions are equal for both P- and N-
type regions because there is a single Fermi level in the entire structure, such that
the tunneling current is equal to zero.

At forward bias (up to Vp): In the N-type region the quasi-Fermi level and the
energy bands move up regards to the P-type region. This way, electrons from the
conduction band of the N-region can tunnel into empty states in the valence band
of the P-region. Applying Vp, the energy of majority large number of electrons in
the conduction band of the N-region is equal to that of the empty states in the
valence band of the P-region, so tunneling can occur, resulting in a peak of
current when the energy overlap of empty states in the valence and occupied
states in the conduction band is maximized (Figure 2.2b).

At forward bias (up to Vy): If the forward bias is increased beyond Vp, the
overlap of the conduction band of the N-type region with the valence band in the
P-type side decreases. As a result the tunnel current decreases because of the lack
of allowed states of corresponding energies for tunneling (Figure 2.2c). The
“valley” operation point is reached when there are no longer any available energy
states for tunneling.

Forward bias beyond Vy: The barrier potential is significantly reduced and
electrons (holes) have enough energy to overcome the barrier to the P-region (N-
region). Diffusion current dominates over drift current and the behavior is the
same as for a regular forward biased PN junction diode (Figure 2.2d).

For reverse bias conditions, a similar tunneling mechanism can take place. This time
electrons from the valence band of P-type region tunnel into the conduction band of N-type

region.
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2.2. Tunnel FET operation

Tunnel FETs (TFETs) are reverse-biased gated p-i-n diodes in which the on-state current
is generated by band-to-band tunneling carrier injection [5]-[7], as opposite to CMOS
technology where the transport current is based on the thermionic emission of carriers
overcoming the potential barrier (detailed in Chapter 1). Besides, a single TFET device can be
used either in n- or p- operation mode.

N mode operation V>0 (a) P mode operation V<0 )

Figure 2.3. TFET bias scheme for (a) n-mode operation with positive polarization in the gate and the
drain (cathode); (b) p-mode operation with negative polarization in the gate and the drain (anode).

In a standard Tunnel FET architecture the BTBT generation always takes place at the
source/channel junction. In N-TFET configuration (Figure 2.3a) tunneling occurs at the P*-1
junction, while for a P-TFET mode it takes place at the N*-I junction (Figure 2.3b).

P-ﬂ (a) (b)
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VG > 0 : pmmm———=s -===
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Figure 2.4. Energy band diagram showing the OFF state (dashed grey lines: the distance between the N*
and P* region is too long for BTBT to occur) and ON state (solid red line: abrupt P*-N*). (a) in N-TFET,
the N* region under the gate is due to the formation of an electron inversion layer for Vg > 0 V; (b) in P-
TFET, the P* region under the gate results from the formation of an hole inversion layer for Vo< 0 V.

For N-mode operation in the off-state (at zero gate voltage), Eccwn > Ev,, and the
tunneling length is too wide for interband tunneling to occur. When applying a positive gate
voltage in the gate terminal, the N* region extends into the channel and an electron inversion
layer is generated, forming an abrupt P*-N" junction. From the point of view of the energy
band diagram (Figure 2.4a), increasing the gate voltage pulls down the energy of the channel
and progressively a sharper band bending at the junction is achieved, lowering the tunneling
length. In the on-state (Ev,, > E¢ ), interband tunneling can take place and electrons flow
from the valence band of the P* into the conduction band of the inversion layer. However, in
order to have a net flux of tunnel current it is necessary to apply a reverse voltage to the drain
terminal (in an N-TFET a positive voltage at the cathode). This enhances the built-in potential
in the space charge region of the P*-N" junction, thereby increasing the tunneling probability.
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The applied drain voltage generates an electric field that makes the electrons drift into the
drain terminal.

In P-mode operation the operation scheme is similar, but in this case when a negative
gate voltage is applied to the gate terminal, the P* region expands underneath the gate,
generating a hole inversion layer. When Ey cpq, >Ec, interband tunneling can take place and
electrons flow from the valence band of the inversion layer into the conduction band of the N*
region (Figure 2.4b). In summary:

e N-TFET configuration: Vsp =0, Vs> 0, Vpn > 0.
e P-TFET configuration: Vsgy =0, V<0, Vpp <0.

The tunneling current of a TFET can be described by the Landauer equation [8]:

EcS
=2 [ T@E) - fuE)laE .1

Evch
where T(E) is the electron tunneling probability and f;, (E) are the source and drain Fermi
distributions functions. In order to increase the drain current it is necessary for the
transmission probability of an electron tunneling through the barrier to be as close to 1 as
possible. In addition there needs to be a difference in the Fermi functions between source and
drain so that current can flow. The band bending at the source/channel junction can be
approximated by a triangular barrier [3]. Using the WKB (Wentzel-Kramers-Brillouin)
approximation [3], the tunneling probability is given by:

w2Zm E)?

3qh(E,; + AD)
In equation (2.2), 4 is the tunneling length [9] and represents the extension of the

transition region at the source/channel junction (the smaller 4, the greater the band bending in

the tunneling region), E, is the energy bandgap of the source and A® is the tunneling window
where the BTBT is allowed.

Twkp = exp (—A (2.2)

One of the most important features of TFETS is the theoretical capability of achieving a
subthreshold swing below 60 mV per decade of current. The lower the SS, the steeper the
slope of the device making it possible to scale the threshold voltage while keeping the off-
current very low. In contrast, for MOSFETSs the minimum SS is limited to 60 mV/dec because
of the thermionic emission of the carriers from source to drain which contains a k7/g term.

-1
The subthreshold swing for a TFET SS = In 10 (aﬂ i) is calculated from [10] using [8]:

Vg Ip
alp,  2q?% (0Tywks oF (ES")
—_—=— F(EZ") + T, —_— 2.3
FIA A <6E§h ( v )+ WKB EC (2.3)

The terms of equation (2.3) are not limited by k7/g and there are two contributions in the
SS. If the tunneling probability changes quickly with gate voltage, the first term prevails and
the subthreshold swing is given by [8]:

3h(E, + AD)’

SS~1n10 32
A4~/ Zm*Eg

(2.4)
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Equation (2.4) establishes that in order to obtain a low SS, it is required to reduce the
tunneling window (4@®) and to increase the tunneling length (1). 4@ is directly linked with the
gate voltage and according to equation (2.2), if AP is increased there will be an enhancement
of the tunneling probability. However, there will be a fast degeneration of SS, because of the
quadratic term in equation (2.4). The same goes for /, increasing it will reduce SS but it will
also decrease Twggp. Besides, a large value for A means that there is a weak modulation of the
energy bands at the source/channel junction (provided by the gate terminal), and it will be
necessary to apply a higher Vg to achieve a sharper band bending. It is thus to take into
account this trade-off to understand TFETs physics. One needs to reduce A as much as
possible because this will be translated into a better control of the tunnel junction from the
gate and a lower gate voltage (also a lower 4®) and as consequence the subthreshold swing
decreases.

The second term in equation (2.3) is dominant when the tunneling probability Twkp is
close to unity. In that case the subthreshold swing is given by [8]:

In10
SS~

AD (2.5)

Decreasing the tunneling window (4®) in equation (2.5) as much as possible, SS can be
reduced below 60 mV/dec. This is explained from a qualitative point of view in Figure 2.5.
The tunneling window acts as a band-pass filter [6] and only the carriers between the
minimum of the conduction band in the source and the maximum of the valence band in the
channel can contribute to the drain current. Electrons in the Fermi tail of the distribution,
which are more energetic cannot tunnel because, they are aligned with the bandgap of the
channel. Only the cool carriers of the Fermi function participate effectively in the tunneling
and transport process, making feasible to obtain SS below 60 mV/dec.
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Figure 2.5. Energy bands diagram of a P-TFET showing the off- and on-state configuration. The tunneling
window (49) is related to the applied gate voltage and delimits the filtering function efficiency to achieve
SS below 60 mV/dec. TFET I,-V; curve with a non-linear slope, showing that SS depends on the applied
gate voltage [6].
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2.2. Tunnel FET operation

2.2.1. Simulation TFETSs vs. Experimental TFETs

New requirements to decrease energy consumption are based on reducing supply voltage
and keeping the off-current low. This is consequence of the industrial needs for low power
consumption in handheld devices, where the span life of the batteries is a major concern. The
scaling of Vpp in CMOS technology is limited by the thermal limit of subthreshold slope in
MOSFETs, which degrades the performance at low Vpp. Since the early 2000’s, the Tunnel
FET has been the most promising of the studied steep-slope devices because of it predicted
outstanding characteristics for ultra-low power applications (Vpp < 0.4 V).
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Figure 2.6. I,(V;) comparison for simulated P- & N-TFETs. Black dashed lined indicate experimental
16 nm FinFET CMOS technology. Numbers on top of the curves indicate the drain voltage [11].

Figure 2.6 shows the simulated Ip(V¢) curves for P- and N-TFETs published since 2010
[11], compared with a 16 nm low-power FinFET CMOS [12]. Silicon TFETs present the
lowest on-currents [13], [14] and a subthreshold above 60 mV/dec. This is due to the wide
and indirect bandgap of silicon (Eg = 1.12 V) that decreases the tunneling probability. Next,
TFETs fabricated with Germanium [15] have a higher on-current because the bandgap of the
resulting compound material (including Ge) is lower with respect to silicon. But, the drive
current is still lower compared to FinFET CMOS. It is also important to notice that increasing
the number of gates using Double-Gate (DG) [16] or Gate-All-Around (GAA) architectures, a
better electrostatic control is accomplished, resulting in a steeper subthreshold slope. Only
TFETs simulated with III-V materials [17]-[19] with a small and direct bandgap, surpass the
performance of the FinFET (Figure 2.6). Another important characteristic of group III-V is
the flexibility in structure engineering, because changing the alloy composition makes it
possible to obtain different types of heterojunctions such as AIGaSb/InAs and InAs/GaSb [11]
where the starting point at the tunneling junction is characterized by a small tunneling length 4
that enhances the on-current with a lower gate voltage.
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Chapter 2. Tunnel FET devices

P-TFETs simulations exhibit a higher performance for graphene nanoribbons (GRN) [20]
and 2D materials such as MoTe, [21] because of high electrostatic gate control expected in
single atomic layer materials. In N-TFETs, the on-current is maximized for Carbon nanotube
(CNT) GAA [22] and broken-gap nanotube GAA [23].

----- 16-nm FinFET CMOS
N-channel TFETs
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InAsSb/GaSbh NW SG
GaAsSb/InGaAs SG

InGaAs/In0.7Ga0.3As in-line SG
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CNT MuG
CNT MuG
P-channel TFETs
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Figure 2.7. I(V;) comparison for fabricated P- & N-TFETs. Black dashed lined indicate experimental
16 nm FinFET CMOS technology [11].

The transfer characteristics for experimental TFETs are gathered in Figure 2.7. On one
hand silicon TFETs show the lowest on-currents [24], [25] of all studied materials which is
consistent with prospects. On the other hand, the subthreshold slopes are steeper [24], [26]
than for III-V group, in contrast with simulations. Progress in BTBT materials and process
fabrication based on strain engineering in silicon (sSi) [27], SiGe heterojunctions [28],
strained Germanium (sGe) [29], GeSn [30] and strained SiGe (sSiGe) have demonstrated to
enhance the tunnel current. TFETs based in heterojunctions of III-V materials exhibit the
highest on-currents (Figure 2.7), but the subthreshold slopes are completely degraded [11]. At
the present time, carbon nanotubes have not shown the high drain current predicted by
simulations. Despite the fact that several models have been proposed for Graphene
Nanoribbon (GNR) Tunnel FETs [31]-[33], the fabrication has not been accomplished until
very recently [34]. 2D material TFETs have been already fabricated, but the maturity of the
technology is still limited and the performance exhibited by these TFETS is low.

Comparing the simulated (Figure 2.6) and fabricated TFETs (Figure 2.7) it is clear that
there is a gap between optimistic simulations and disappointing measurements. Simulations
predicted simultaneously a high on-current and a steep slope. However, measurements show
that when the subthreshold slope is either relatively steep (less than 60 mV/dec) the drive
current is low. On the contrary, when the drive current is high the subthreshold slope is
completely degraded. This indicates that there is a significantly divergence in the
subthreshold characteristics of the simulated TFETs and suggests that second order effects
were not taken into account in simulations. These non-ideal effects are responsible of SS
degeneration at low gate voltage, such as band tails due to phonons and heavy-doping, trap-
assisted tunneling, interface roughness and density of interface states at the high-k
dielectric/semiconductor interface [11].
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2.2. Tunnel FET operation

One added difficulty to Tunnel FETs in TCAD simulations is the necessity to include a
BTBT model to solve the tunneling transport in the source/channel junction. Previous models
were not very accurate [35], [36], because they do not restrict the tunneling phenomena only
to the tunneling window, but in the whole band bending region. This issue was fixed with the
Non-Local Path BTBT model [37], but still there are some challenges. TCAD calculates the
BTBT generation based on two parameters and if they are used as fitting parameters without a
physical meaning results cannot be trusted. Simulations based on homojunction silicon or
homojunction SiGe TFETSs provides results consistent with measurements [38]. However, if
we want to simulate heterojunctions TFETS it is necessary to know the effective masses of the
carriers for the different materials, because this will also change the tunneling probability and
by extension the BTBT generation.

2.2.2. Trap Assisted Tunneling (TAT)

In TFETs there are three dominant transport mechanisms: BTBT, TAT and Shockley-
Read-Hall (SRH) recombination. The tunneling current is given by the sum of these three
components, albeit the last two components are parasitic effects that need to be minimized in
order avoid the degradation of the TFET characteristics. SRH is a recombination/generation
process that occurs when an electron from the conduction band “falls” into a trap (defect)
present at some location of the energy bandgap. Eventually this electron will “fall” into an
empty state of the valence band. SRH has a strong dependence on temperature [39], but only a
weak dependence on the electric field generated by the gate terminal. TAT is also a SRH
mechanism with a strong dependence with the electric field, but with the particularity that
involves tunneling via a trap state in the bandgap [39]. TAT occurs because of bulk traps,
traps at semiconductor/semiconductor interface in the case of heterojunctions and traps at the
oxide interface [40]. All these traps are located inside the bandgap of the tunneling junction.
This means that one trap can split the tunneling length (1) in two regions, such that it requires
less energy for tunneling from the valence band into the conduction band through the trap
than when only pure interband tunneling is considered (direct tunneling). Unfortunately, only
the BTBT mechanism enables the possibility to obtain SS below 60 mV/dec, because TAT
results in a thermally activated tunneling process [41].

Among all the non-idealities that contribute to degrade the SS in TFETS, a great number
of recent published results verify that TAT is the main responsible for the degradation of the
subthreshold slope [42]-[45]. Moselund et al., have reported that the nature of traps is
conditioned by the geometry and dimensions of the device [46]. In that paper reporting the
operation of an InAs/GaSb N-TFETs, the SS is controlled by the density of interface defects
from the non-optimized gate stack, while for InAs/Si P-TFETs a large lattice mismatch was
reported to be responsible for the generation of a great number of traps densities at the
heterojunction.
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Figure 2.8. In(Vg) curves of InAs/Si P-TFET for simulations and measurements at different temperatures
[46].

Figure 2.8 shows that distinct conduction mechanisms prevail at different gate voltages.
BTBT is the main mechanism responsible for the drain current at high gate voltages (beyond -
0.7 V), and it is possible to conclude that the dependence of the BTBT on temperature is low.
Similar current values are obtained for the two studied temperatures (125K and 300K). At
medium gate voltages, TAT is the main contribution, as a consequence of the high density of
traps at the heterojunction. Carriers are trapped in defects inside the tunnel region; this
degrades the subthreshold slope. In this voltage region, TAT is clearly the dominant
conduction mechanism because is more sensitive to temperature. As a consequence, at 7 =
125K defects are deactivated and the slope is steeper. This suggest, that for a fully optimized
TFET architecture, all the mechanisms involving TAT (interface density of states,
heterojunctions, doping and materials defects) will be the limiting factor for achieving a steep
slope in the subthreshold region [46]. Depending on the TFET architecture and the material
used, the nature of traps will change and the solutions to reduce TAT will be also different.

As for semiconductor traps (bulk traps), the location of defects plays an important role
with respect to the degradation of the subthreshold slope and simulations studies have
demonstrated the impact of shallow and deep traps [47]. The Ip(Vg) characteristics of a
simulated TFET without traps (Figure 2.9c) show a negligible leakage current, (Iopr ~ 1077
A/um). If there is a deep trap close to the source region (Figure 2.9a), a recombination of a
trapped electron with a hole from the valence band is quite likely, because the hole density
nearby the source is higher. This explains the increase of the current in the subthreshold
region and the degradation of the slope in Figure 2.9c. Nonetheless, for a shallow trap that is
close to the conduction band of the channel (Figure 2.9b), the probability that a trapped
electron recombines with a hole from the valence band is reduced, because the hole density is
low, so the leakage current is very similar (Iorr ~ 10™'® A/um) to the ideal case with no traps.
These results indicating that the degradation of the subthreshold slope and increase of leakage
current are due to the deep-level traps [47], are consistent with the transfer characteristics of
TFETs based on III-V materials (Figure 2.7). The maturity of the process fabrication for III-V
materials is not as well-controlled as it is for silicon technology and this increases the
concentration of semiconductor traps.

25



2.3. TFET device engineering

9
C) 10 ]
V=08V o]
10710 3
Deep trap (E~E;= 0.30 eV!.,.-"/
10" - = = Shallow trap pe
o (Ec-E;= 0.085eV)
B gn | e 00 traps -
=
= 10"
=
2
ERE (Vi
O
8
a

-1 0 1 2 3 4
CGata Ualtana 7_INUJ1

Figure 2.9. (a) Schematic of a deep trap; (b) Schematic of a shallow trap; (c) Ip(Vg) curves of simulated
TFET for no traps and TAT for shallow trap (dash line) and deep trap (solid line) at 400 K [47].

2.3. TFET device engineering

2.3.1. Silicon homojunction TFET

The tunneling rate Twgp (equation (2.2)) is the key factor to enhance the drive current. It
has been shown that fabricated silicon TFETs (section 2.2.1) have a limited performance due
to the fact that wide bandgap and indirect tunneling degrade Twgp. But, simulations of TFETSs
structures using silicon are accurate and reliable enough to study different problematics [48]
like superlinear regime in output characteristics, impact of tunneling at the drain junction, etc.
In Figure 2.10 is represented the schematic of a planar homojunction TFET, simulated with
Sentaurus TCAD tool to study the impact of different boosters on the performance. Geometry
parameters have been chosen to match our fabricated TFETs: gate length Lg = 500 nm,
silicon body thickness Ts; = 11 nm, Tpox = 145 nm, intrinsic body length L;y = 0 nm, gate
work function @4, =4.61 eV, EOT = 1.18 nm and a dopant concentration in source and drain
of Np = Ny = 10%° ¢m?. The intrinsic region (L;y) separates the drain from the gate. This
allows to minimize the effect of the gate terminal in the drain/channel region, which is
responsible of TFET ambipolarity in off-state (detailed in section 2.3.2.3).
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Figure 2.10. Schematic of a silicon N-TFET simulated with Sentaurus TCAD tool to determine the impact
of different boosters on the current.
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Figure 2.11. Ip(Vg) curves of TCAD simulation of silicon N-TFET at different drain voltages. Low on-
current at Vgg=1.8 V.

The Ip(Vg) curves of TCAD simulations for a silicon N-TFET (Figure 2.11) show that for
the best case (Vps = 0.9 V), the on-current at a given gate voltage of Vs = 1.8 V is 5 nA/um.
For lower drain voltages the tunneling current is even more degraded. Once the gate voltage is
large enough to sustain an inversion layer, the drain voltage triggers the tunneling mechanism
and electrons are attracted to the drain terminal generating a net flux of current. Figure 2.11
also shows that the tunneling current increases with drain voltage, but this effect eventually
saturates (as seen for Vpg = 0.5 V and 0.9 V). In TFETs there is a competition between the
vertical electric field generated by the Vs and the parallel electric field created by the Vpg. If
one keeps increasing the drain voltage, depletion of the inversion layer occurs near the drain
junction where electrons are attracted [49]. As a result, the tunneling begins to occur at the
channel/drain junction and not in the source/channel region, and to create the inversion layer
near the source it will be necessary to apply a higher gate voltage, which is clearly not
suitable for low-power applications.
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Figure 2.12. I,(Vg) curves of TCAD silicon TFET and MOSFET for long channel (500 nm). MOSFET
outperforms TFET.

The comparison of an unoptimized silicon homojunction MOSFET with a long channel
(Lc =500 nm) with a TFET (Figure 2.12) shows a much lower on-current (~ 5 nA/um) in the
TFET, than in the CMOS device (~ 1 mA/um), a degraded subthreshold slope and a higher
threshold voltage. TFETs only surpass MOSFETs in achieving a low off-current. Figure 2.12
clearly establishes that boosters are necessary in TFETSs in order to increase the performance
(higher on-current, steep subthreshold slope and reduced threshold voltage).
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2.3. TFET device engineering

2.3.1.1 Complementary TFET in CMOS Foundry

During last decade many innovations have been reported reflecting attempts made at
improving Tunnel FET performance, but even today there are not many publications of
Complementary TFETs (C-TFETs) in the literature [50]. Such devices are critical to the
adoption of TFET technology for high production. Manufacturing of N- and P-TFETs
monolithically integrated with standard MOSFETs based on 0.13 um silicon CMOS
technology was reported in 2015 [51]. In addition, the fabrication of a planar silicon C-TFET
inverter was also demonstrated.
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Figure 2.13. (a) Schematic of Complementary TFET. (b) Ip(Vg) transfer characteristics of N- and P-TFET
at different drain voltages (Vps=1.0 V and Vps=1.5V) [51].

TFETs fabricated in high-resistivity bulk silicon substrate (Figure 2.13a) using ion
implantation to form the source junctions, have been optimized to get abrupt and shallow
tunnel junctions and thus enhance the drive current. The implementation of an underlapped
region (L,,,) between gate and drain minimizes the off-current. The transfer characteristics are
shown in Figure 2.13b, where one can see a better performance for P-TFETs than for N-
TFETs. This could be explained by the formation of more abrupt tunnel junction due to the
lower diffusion rate of As than BF, [51].

Despite of all the efforts made to optimized the process fabrication (different dopant
concentrations, temperature annealing, oxide thickness and gate work function) the P-TFET
biased at Vps =-1.0 V and Vs = - 2.0 V shows a limited on-current of 0.33 pA/um. The off-
current is slightly degraded (1.5-10” pA/um) but this could be explained by the fact that a
bulk substrate was used rather than an SOI substrate, which would more efficiently suppress
parasitic effects due to dielectric isolation of source, channel and drain by the BOX. A rough
estimation indicates an average SS of ~ 300 mV/dec, which is very poor. The variability is
also an important concern, because the limited BTBT generation area results in a large device-
to-device variation. This explains why the main cause of variability, due to its direct effect in
the tunneling area, is the source doping gradient (SDG) [51]. The measured parameters of this
“optimized” silicon C-TFET are consistent with the simulation results and highlight the need
of boosters to increase the performance of TFETS.
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Chapter 2. Tunnel FET devices

2.3.2. TFET optimization

Tunnel FETs design rules differ from those used in CMOS technology, because interband
tunneling requires the enhancement and better control of the electric field generated at the
source/channel junction. According to Kane’s formula the BTBT generation is given by [52]:

E3?
Gprpr X exp| — E (2.6)
max

An increase of BTBT generation rate at the source can be achieved by decreasing
bandgap and/or increasing the electric field. Equation (2.6) is directly linked to the tunneling
probability Twkg, indicating that higher on-currents need a Twgp ~ 1, which means a small
bandgap (E¢), small effective carrier mass (m*) and small tunneling length (1). E¢ and m" are
material dependent, so using in the process fabrication semiconductor materials like strained
silicon (sS1), SiGe, strained SiGe (sSi1Ge), GeSn, III-V materials or Ge/IlI-V, will improve the
on-current. Achieving a small 4 depends on additional factors such a Multiple-gate device
geometry (MuGFETs), an abrupt doping profile at the source with a high doping, a reduced
oxide thickness, a high-k gate dielectric and a small body thickness. The advantage is that the
majority of these boosters are already used in CMOS technology and can thus be easily
implemented in a TFET fabrication process. In theory the solution seems evident, but the
implementation of all these optimizations in body thicknesses lower than 10 nm is complex
and because of the immaturity of lower bandgap materials, this will introduce a great number
of defects and interface states, which will be responsible of the subthreshold slope
degradation.

It is possible to classify the tunneling boosters (related to BTBT injection) as:

e Gate Stack engineering: For steep switching and high ON current with strong
gate electrostatic control.
o Thin EOT and gate-edge structure.
o Low interface density of traps.

e Source junction engineering: For steep switching and high ON current with
narrow tunnel barrier.
o Steep doping profile and optimized activation of impurity concentration.
o Defect-less junction control of gate overlap length.
o Alignment of junction and hetero interface.

¢ Drain junction engineering: Minimize OFF current in the drain region.
o Underlapped intrinsic region between the gate and the drain (Ly).
o Low GIDL current.
o Optimized impurity profile and material with higher bandgap.

¢ Channel engineering: To increase tunneling probability Twks.
Narrow bandgap materials (sSi, SiGe, sSiGe).

III-V materials (Staggered of broken gap III-V materials).
Thin body or nanowire structures.

Multigate architectures.

o O O O
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2.3. TFET device engineering

To test some of these boosters it has been performed a TCAD study based on a reference
Tunnel FET architecture (Figure 2.10) with the same default values used in section 2.3.1. The
objective is to characterize the impact on the performance of each booster at a time, while the
others remain unchanged.

2.3.2.1 Impact of body thickness

TCAD simulations focused on the variation of the body thickness have been performed
from thick (7s; = 50 nm) to thin Si films (7s; = 4 nm). As long as the thickness is reduced
(Figure 2.14) the drain current is enhanced and a steeper subthreshold slope is achieved. This
is due to the fact that the electric field generated at the source junction exerts a more efficient
control on the band bending and the interband tunneling increases. For gate voltages higher
than 1.6 V the on-current seems to converge and for values above 2.0 V (not shown in Figure
2.14), the drain current for a Ts; = 6 nm or 7 nm is higher than for 7s; = 4 nm. This issue has
been observed in other simulations studies in the past [53] and suggests that a very thin body
thickness (7s; < 6 nm) could lead to drain current reduction because of minimizing the cross-
sectional area available for the current flow. This is a key aspect because it has been
established that for Tunnel FETs a steep subthreshold slope (SS < 60 mV per decade) is only
possible for a scaled body thickness around 5 nm, even without taking into account any TAT
generated by defects [39]. The positive aspect is that CMOS technology uses for the
28FDSOI node a silicon thickness of Ts; = 7 nm [54] and for the 14FDSOI node a Ts; = 6 nm
[55]. So, they are optimized and the transference to Tunnel FET technology is
straightforward.
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Figure 2.14. I,(V) curves of TCAD silicon TFET to characterize the impact of the body thickness (7;).

2.3.2.2 Impact of gate length

It is well known that in MOSFETSs the drain current is limited by carrier transport and is
inversely proportional to the gate length. On the contrary, in TFETs the BTBT generation
mechanism occurs in the source/channel junction, which implies that the tunneling current is
independent on gate length. This being true, aggressive reduction of the dimensions in TFETSs
could affect the electrostatic control of the device [56]. This was assessed through an analysis
of TFET characteristics for values of gate length ranging from Ls = 500 nm to L = 15 nm.
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Simulation results in Figure 2.15 show that for values of gate length from 500 nm down
to 50 nm there is no impact of gate length reduction on subthreshold slope and drain current.
For L = 30 nm a degradation of the slope appears. At Lg = 15 nm and 10 nm a huge
degradation of the off-current is observed. This indicates that for short lengths the gate
terminal loses the electrostatic control of the interband tunneling at the source/channel
junction. The most consistent explanation is that if source and drain are too close, the electric
field generated by the drain side perturbs the control of the BTBT when gate voltage is below
1 V (Figure 2.15). Besides, the drain voltage can bend the energy bands of the channel region
close the drain, allowing tunneling from the channel to the drain which generates the increase
of the current in the subthreshold region.
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Figure 2.15. I(V;) transfer characteristic of TCAD silicon TFET to characterize the impact of the gate
length.

2.3.2.3 Impact of intrinsic region: Ambipolarity

Ambipolar current flow is an undesired effect that happens in Tunnel FETs because of
the similarity of an n-TFET (p-i-n) and a p-TFET (n-i-p) structure. Ambipolar currents occur
when the device is conducting for high positive and negative supply bias, while keeping
unchanged the drain bias. In a N-TFET configuration, when Vs > 0 and Vp > 0 BTBT takes
place in the source/channel region, but when Vi < 0, BTBT occurs now in the channel/drain
region. This can generate an undesirable behavior in TFET inverter-based logic and two
possible solutions have been proposed to reduce the ambipolar current [57]. The first method
relies in the use of an underlapped region (L;y) between the gate and the drain, so that the
influence of the gate electric field in the drain is significantly minimized and the BTBT at the
drain is eliminated. The major problem with this method is that this intrinsic region increases
the dimensions of the devices. A wrapped-around approach has been proposed to solve this
problem [58]. The second method is based in the reduction of the drain doping concentration.
Published results have demonstrated that with a low drain doping is possible to reduce the
ambipolarity and off-current. However, there are also some challenges involved: it is not
possible to decrease indefinitely the drain doping concentration because it should be high
enough to facilitate contact formation. A lower doping concentration implies a higher series
resistance and a decrease of the on-current.
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We have chosen to study the reduction of the ambipolar current with the study of the
impact of the horizontal underlapped region shown in Figure 2.10.
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Figure 2.16. I(Vg) transfer characteristics of TCAD silicon TFETs showing the impact of the
underlapped region to reduce ambipolarity.

Results in Figure 2.16 show that when the TFET is symmetric (no intrinsic region close
to the drain) the ambipolar current for negative gate bias is high. As long as the underlapped
region is increased the ambipolarity is reduced and for L;y = 30 nm the leakage current is
negligible. For a technological node below 28 nm, an intrinsic region of 30 nm is not realistic,
so there is necessary trade-off between the maximum intrinsic region and the maximum
ambipolar current allowed. It has been established that for a Ls = 13 nm, Tunnel FETSs require
an intrinsic region of 10 nm [58].

2.3.2.4 Impact of Equivalent Oxide Thickness (EOT)

The reduction of the EOT (Figure 2.17) shows an interesting trend in the simulations,
namely a simultaneous enhancement of both on-current and subthreshold slope. The
explanation is that the electrostatic control is optimized (better gate coupling) for thinner
EOT. A thicker EOT of 2 nm presents a degraded slope and drain current. A common value
for EOT at CEA process fabrication when using Hafnium dioxide (HfO;) is 1.18 nm [59].
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Figure 2.17. I)(Vg) transfer characteristics of TCAD silicon TFETs to characterize the impact of the EOT
thickness.
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Figure 2.17 verifies that the real boost occurs for EOT lower than 1 nm. Currently is
possible to achieve EOT of 0.9 nm [60], but TFETSs need a very good quality at the interface
of the body material and the oxide to minimize the defects and not degrade the subthreshold
slope. New materials like zirconium dioxide (ZrO;) and titanium dioxide (TiO,) with higher
dielectric permittivity would allow eventually achieve EOT lower than 0.9 nm and closer to
0.5 nm. As CMOS technology also needs the lowest EOT possible, all the optimization efforts
from CMOS achieved can be transferred to Tunnel FETs devices.

2.3.2.5 Si TFETsS vs. SiGe TFETs

Using silicon is not the best choice for Tunnel FETs because of the wide bandgap. This
means that the modulation of the tunneling barrier thickness requires a high gate voltage. It is
necessary to use different materials and heterojunctions in the source/channel region to
increase tunneling probability and SiGe appears as a good candidate.

(a) (b) (©
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Source

Figure 2.18. Schematic of energy bands at source/channel junction for (a) silicon, (b) SiGe to reduce the
bandgap and (c) source junction abruptness [61].

The objective is to achieve a lower bandgap and an abrupt junction to improve the tunnel
injection. Figure 2.18 qualitatively shows that using a Siy;Geo 3 raised source and drain and a
compressively strained Si;.xGex channel is possible to increase the band bending (more states
will be available for tunneling) and minimize the tunneling length. In fact, with some
modifications of the process fabrication (implant doping, temperature anneal...) it is possible
to obtain an extra junction abruptness with sharper band edges, increasing the tunneling
probability. Strained SiGe is a common booster on CMOS, so it can be adopted in a
straightforward manner to TFETs.
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Figure 2.19. I,(V) curves for Si TFET (black squares) and SiGe TFET (red circles).

Figure 2.19 shows that a TFET with Sip;Geps homojunctions provides a better drain
current and a slightly steeper subthreshold slope. Increasing the percentage of Germanium
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would allow a higher drain current because of the smaller bandgap, but in real TFETs the
fabrication process with percentages higher than 30% generates a great concentration of
defects and the consequence will be the degradation of the slope due to TAT.

2.3.3. TFET optimization challenges

To fabricate devices for ultra-low power applications several requirements are necessary.
In first place, a very low off-current is needed; this has been already achieved in TFETs
owing to FDSOI architecture. Secondly, a low SS (below 60 mV/dec) is sought after.
Unfortunately is almost impossible to find in the literature a fabricated TFET with a reduced
SS covering an extend range of subthreshold currents. Finally, a high Ipa/Iopr ratio is needed.
TFETs with a decent IppIopr ratio have been published (~104—105), but these ratios are
obtained thanks to an extremely low off-current and not because of a high drain current. The
main challenge is the difficulty to get a steeper slope and high on-current regardless of
materials, architectures and specific fabrication steps.

The boosters which are more likely to be adopted to increase the performance are:

¢ Junction optimization: Abrupt tunneling junction with a sharp band profile will
allow a wide tunneling window and a small tunneling length, so more states will
be available for interband tunneling.

e Heterojunctions: New compound materials in the source/channel junction to
decrease the bandgap where tunneling takes place. Best candidates are SiGe or
GeSn. III-V materials offer a great number of possibilities because of a small
mass and direct bandgap, but integration on silicon platforms 1is not
straightforward.

e Gate dielectric permittivity: High-k materials with EOT lower than 1 nm will
increase the electrostatic coupling, enhancing both drain current and steeper slope.

e Body thickness: Aggressively scaled body below 6 nm is mandatory to achieve a
steep subthreshold slope.

e Ultrathin geometry: Trigate/nanowire, FinFET or GAA architectures will
increase the electrostatic control of the device.

e Drain-Gate underlap: The proximity of the drain to the gate compromises the
accurate control of the BTBT by the gate voltage. Besides, the ambipolar current
will increase. Using an intrinsic region near the drain will minimize this effect.
However, new geometries or configurations are necessary to avoid increasing the
surface too much.

The requirements to achieve a steep slope pass through an aggressively thin body.
However, this implies that for the gate stack formation, implantation processes and the
technological immaturity of new compound materials, the concentration of semiconductor
traps and oxide traps will increase with respect to silicon. If TAT is not minimized, the off-
current will be degraded and the SS could never be lower than 60 mV/dec. Therefore, a low
density of traps in the tunnel junction is a key asset in increasing the tunneling probability. All
the prospects show that TFET requirements are more stringent in comparison with
MOSFETs.
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2.4. CEA TFETs: State of the art

2.4.1. Si1.4Ge,OI and GeOI TFETSs

First generation of TFETs was fabricated on SOI, Si; \GeOI and GeOl substrates with a
FDSOI CMOS process flow in order to study the impact of different semiconductor materials
on the BTBT injection [62]. Figure 2.20a shows the cross-section of an SOI TFET where a
high-k metal gate stack composed of HfO, (3 nm), TiN (10 nm) and polysilicon. In order to
optimize the junctions and enhance the on-current, a second set of spacers was implemented
and LDD extensions. Ip(Vgs) results for the P-TFET configuration show a point SS of
42 mV/dec, but for low values of drain voltage and at low drain current range (~10"-107"*
A/um). The average SS, however, 1s approximately 120 mV/dec (well above the limit of 60
mV/dec). Also, very low off-currents of ~10-100 fA/um are measured. With respect to the
junction optimization the experimental results reported in [62] show that for a N-TFET
configuration the extension of the P-type region enhances the on-current, while for a P-TFET
it 1s the extension of the N-type region that enables the increase of the on-current. This is
consistent with the fact that for an N-TFET (P-TFET) the BTBT takes place in the P-type (N-
type) region.

SiN protection layer

(a)

1st spacer

NiSi

2" spacer

Figure 2.20. (a) SEM cross-sections of an SOI TFET showing the gate stack configuration and junction
optimization (spacers and extension). (b) SEM cross-section of a Drift TFET (DTFET) with an intrinsic
region to reduce ambipolar current [62].

To reduce the ambipolar current a novel architecture based on the extension of the
intrinsic area (L;y) was proposed (Figure 2.20b). Results show that there is a reduction of the
parasitic current of 2 decades. Furthermore the impact in the on-current is limited as long as
the resistance of the intrinsic region is minimized. However, this horizontal increase of the
dimension goes against general scaling trends, but it can be minimized using an L-shape
intrinsic region [58].

For the SOI and Si,.«Ge,OI devices (with x = 15% and 30%) the body thickness is 20 nm;
it 1s 60 nm for GeOl devices. Figure 2.21 verifies that SiGe enhances the on-current with
respect to the SOI TFET. When the Ge percentage is increased, the bandgap becomes smaller
and the BTBT higher. The highest on-current is obtained in Ge TFETs. For a P-TFET
configuration in an SOI wafer the on-current is 1.48 nA/um, while in a GeOIl wafer the on-
current is 4 pA/um. This implies a gain factor in the performance of 2700x.
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Figure 2.21. Iy (at Vps = 0.8 V and Vs = 2 V) for SOL, SGOI 15%, SGOI 30% and GeOI for Ls = 400
nm. Increase of the on-current using narrow bandgap materials [62].

2.4.2. Strained TFETSs with ultra-thin body

The second generation of TFETs was fabricated by co-integration with CMOS FETs in a
FDSOI CMOS technology using Extremely Thin SOI (ETSOI) material, a high-k metal gate,
ultra-thin compressively strained Si;.xGex body thickness and Sip7Gep3 raised source and
drain [61]. The objective is to increase the BTBT injection thanks to the use of narrow
channels and small EOT, strain, as well as low bandgap material in the source and low-
temperature anneal of junctions.
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Figure 2.22. Schematics of ultra-thin body thickness (a) to study the impact of body thickness reduction
and (b) to characterize the impact of the annealing temperature [61].

The results of TFETs with different body thicknesses (Figure 2.22a) establish that for a
body of 14.6 nm the Ipy is ~ IuA/um (Vgs=-2.5V, Vps=-1 V) and Iprr ~ 10° MA/um.
When the body thickness is reduced to 6.7 nm the Ipy is enhanced up to ~ 90 pA/um and lprr
is degraded to ~ 4-10™* pA/um. Also the SS is improved from 190 mV/dec to 130 mV/dec.
This confirms that BTBT can be increased using a smaller body thickness due to improved
electrostatic control of the BTBT junction by the gate.

Using the body configuration of Figure 2.22b and a 950°C spike anneal (versus 1050°C)
for junction formation, one notices an increase of the lpy current from 0.3 pA/um to 428
pA/um (at Vgs = - 2.5 V, Vpg = - 1V). This increase is, however, accompanied by a
degradation of the I current from 10° uA/um (1050°C) to 3-10° pA/um (950 °C).
Furthermore, the SS is improved from 230 mV/dec to 150 mV/dec. This remarkable
performance in P-TFET configuration is attributed to a better positioning of the gate with
respect of the N*/channel junction (more favorable position of the gate edge) and the sharper
abruptness of the junction [61].
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Enhancement of the on-current achieved by either reducing body thickness and/or
decreasing anneal temperature are impressive, but unfortunately the SS is still far above of the
60 mV/dec limit. A more recent electrostatic analysis and TEM images revealed that the high
drain current was the result of a silicide contamination in the active area (more particularly in
the N* region) that generated a Schottky contact [63]. Therefore, devices were not real TFETs
(p-i-n structures) but hybrid P-i-Metal structures. The main issue is than in a Schottky barrier
FET (SBFET) it is possible to have “high” drain currents, but the tunneling takes places from
conduction band to conduction band and not by interband tunneling. P.M. Solomon [64] has
demonstrated the inability of SBFET to achieve a SS below 60 mV/dec. As a side remark, we
cannot say that the impact of narrow body thickness and low temperature anneal will have the
same effects in SBFETSs and in TFETs.

2.4.3. Nanowire TFETSs

The most recent TFET architecture evolution relies on the use strained SiGe nanowires
with a Q-gate configuration to improve electrostatic control [65]. In addition all the features
implemented in previous generations, such as the use of a high-k metal gate, SiGe raised
source and drain are also included in nanowire TFET processing [61], [62]. Nanowires were
fabricated with a body thickness of 11-12 nm and a total width perimeter of 37 nm and 27-29
nm respectively.

Figure 2.23. Cross-section HRTEM of a SiGe nanowire Tunnel FET fabricated at CEA [65].

So far, the main limitation of TFETs is the inability to achieve high on-currents and a
steep subthreshold slope. High-quality crystalline SiGe in the junctions and a -gate
configuration are expected to solve this problem. A TFET nanowire with a 100 nm gate
length and a 5 nm width (perimeter width of 27 nm) with a Sip75Geg2s channel in P-TFET
configuration, was reported to provide an Ipy of 760 uA/um and an off-current of 20 pA/um
with a SS of 80 mV/dec over two decades. Nevertheless, an extra electrostatic analysis and
TEM images showed an excessive Ni diffusion in the N* region, creating a Schottky contact
in the N* region [61]. Therefore, these nanowires were not real TFETs, but again hybrid P-i-
Metal structures. Further analysis of the devices revealed that the possible causes for
uncontrolled silicide formation are aggressive device width scaling in conjunction with 1)
possible epitaxial raised source and drain non-uniformity; ii) high-dose As implant damage;
111) partial or total consumption of the SiGe in raised source and drain during the post implant
stripping and iv) low temperature activation anneal. A combination of these factors is most
likely responsible for Ni excess diffusion [63].
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Despite of these silicidation issues, trigate/nanowire architecture based on SiGe material
seems the right evolution path for increasing the performance on TFETs due to enhancement
of the electrostatic field control. Since the process fabrication is CMOS compatible, all the
boosters applied to MOSFETSs can be transferred to Tunnel FETs.

2.5. Ultimate innovative Tunnel TFETSs

Other research centers and universities are currently investigating TFETs with different
architecture approaches, materials and specific process fabrications in order to obtain a high
on-current (hundreds of pA/um) and steep slope (SS < 60 mV/dec) over a several decades.
This section compiles the most promising and interesting studies.

2.5.1. Strained Si and SiGe GAA nanowire TFET

Gate-all-around geometry allows one to reduce the tunneling length 4 due to a better
electrostatic control. But, a steeper doping profile in source and drain is also essential to
minimize 4. The Dopant Segregation (DS) technique [66] makes it possible to achieve abrupt
tunneling junctions (minimize the defect density) with implantation into silicide (IIS) for
silicon nanowires fabricated in 20 nm SOI substrates (Figure 2.24). Besides, epitaxial silicide
contacts (nickel aluminum silicide) reduce contact resistivity and line edge roughness.
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Figure 2.24. SEM of a Si GAA nanowire TFET with 8 nm diameter and high-k metal gate [66].

In 2015 new improvements were reported, such as the formation of uniaxial strain in
nanowires to reduce the bandgap and improve BTBT [67]. Direct ion implantation with
subsequent spike anneal degrades sharp doping profiles (via extended dopant diffusion) and
introduces a great number of defects. On the contrary, DS technique with low energy
implantation into the silicide and thin Ni source and drain contacts with a low temperature
annealing enables the formation of steep profiles. The scaling of the nanowire diameter also
provides a significantly increase of the performance: for a 10 nm GAA TFET the on-current
1s 64 pA/um at Vps = Vigs-Vor = - 1.0 V and SS ~ 70-80 mV/dec for two decades [67].
Compound materials like SiGe with lower bandgap also increase the on-current, however the
higher the percentage of Germanium the more defects are created in the semiconductor,
increasing the off-current. Minimizing this density of defects is very important, because with
a Germanium content higher than 80% it becomes possible to have direct-valley tunneling
resulting in higher BTBT current. Finally, SiGe/Si heterojunctions nanowire architectures can
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optimize the performance in the on-state since a SiGe junction with a small bandgap can be
formed at the source, while in the off-state the higher bandgap of the silicon at the drain
junction reduces the off-current.

Recently the impact in the performance of the ion implantation and dopant activation has
been studied in sSi GAA nanowire TFETs [68]. For an N-TFET, an implantation in the
normal direction (0°) and a low temperature activation (500°C) provide an Ipy = 15 pA/um at
Vpp =0.5 V and a SS of 76 mV/dec over 4 decades of drain current.

2.5.2. Junction TFET and T-Gate Schottky barrier TFET (TSB-TFET)

The Junction-modulated TFET (JTFET) offers the possibility to achieve a sharper band
bending at the tunnel junction using a striped gate instead of changing the type of material at
the source [69]. Extending the gate into the source enables a junction depleted-modulation in
the overlapped region, which means a higher tunneling area compared to a symmetric TFET
architecture (Figure 2.25a). The transfer characteristics show a better on-current and steeper
SS over 3 decades of drain current for the JTFET (5- 10°® A/pm & 85 mV/decade) than for the
TFET (8-10” A/um & 145 mV/decade). From these results it is clear that using silicon as
material is the main limitation to enhancing the on-current. An architecture evolution called
Pocket-Junction modulation TFET (PJTFET) uses an implantation of a doped pocket (N-type)
before the source dopant implantation (P*) [69]. This provides a sharper band bending in the
source/channel junction generating a more efficient tunneling. However, the PJTFET
performance is still far away from that of MOSFETs.
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Figure 2.25. (a) Schematic structures and top view of a JTFET and a symmetric TFET [69]. (b) Schematic
representation of a TSB-TFET and top view with the geometry description [70].

Silicide p+

In an attempt to solve the problem of the low on-current a T-gate Schottky barrier Tunnel
FET (TSB-TFET) was proposed [70]. This device comprises a T-shaped gate (Figure 2.25b)
with a silicide source Schottky junction and two additional tunneling junctions (P*-type) next
to the source. With this architecture the on-current is enhanced due to the Schottky current,
but the off-current is degraded because the Schottky barrier height is low in off-state, which
enables thermal emission of electrons from the drain to the source. Besides, it has been
proved by Solomon [64] the impossibility to achieve SS below 60 mV/dec using a SB-
junction. It is claimed that it is possible to minimize the leakage current by shrinking the gate
finger width (W)), because the two P regions (Figure 2.25b) can fully deplete the adjacent
surface, thereby increasing the energy barrier, and thus minimizing the thermal emission
leakage. However, the reduction is limited to less than half a decade of drain current.
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Experimental results show for a TSB-TFET with a 5 um finger length (Ly) and 3 um finger
width (W) at Vpg = 0.6 V an improvement of the on-current and SS (4-107 A/uym & 75
mV/dec), when compared with the TFET (2- 10°® A/pum & 86 mV/decade).The off-current of
the TSB-TFET, however is an order of magnitude than in the corresponding TFET.

Recently, an improved architecture fabricated in SOI with multiple fingers and an
additional dopant-segregated Schottky source junctions (MFSB-TFET) was proposed to
increase the on-current [71]. The transfer characteristic shows an Ipy = 10 uA/um at Vpg =
0.6 V and VGS =1.0V.

2.5.3. Parallel electric field TFET

One of the challenges facing standard TFET architectures is that BTBT generation area is
confined to a small region at the top of the source/channel junction, limiting the amount of
tunneling current. In addition, the electric field generated by the gate is perpendicular to the
flux of carriers and only modulates the band bending at the gate edge. An innovative solution
is extending the source doping into the channel region [72] to achieve vertical BTBT and
increase the on-current since in this configuration the tunneling direction is parallel to the gate
electric field. As added benefit, the electrostatic control of the gate over band bending is
increased, which improves the SS.

ARZACREANITY,

Figure 2.26 (a) Schematic of a SiGe/Si line TFET with tilted implantation of B* and P* at the source region
+ _++

and self-adjusted silicidation with CoSi, (magnified view of vertical BTBT in p*-n"" junction). (b) TEM
image showing the CoSi, layer [73].

A SiGe/Si line-TFET was fabricated by the Jiilich laboratory [73] (Figure 2.26a) with
specific fabrication steps based on a selective and self-adjusted silicidation (Figure 2.26b) and
using a counter doped pocket at the source junction (achieved by the implantation into the
silicide method). Doping activation is achieved at low temperature to form a N**-P junction
with a sharp doping profile and a high doping level concentration. These devices show an on-
current of 6.7 uA/um at a supply voltage of - 0.5 V and a SS = 80 mV/dec over 4 decades of
drain current. The advantages of this fabrication process are the strong suppression of the
ambipolar switching and a significant increase of performance. The complexity and number
of additional steps to fabricate the counter doped pocket with the silicidation are high,
however.

Other research centers have also investigated novel TFET architectures and determined
that reducing the channel thickness below 10 nm and using a wrapped gate electrode
configuration are key aspects to achieve an increase of the on-current and steep SS [74], [75].
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However, vertical BTBT is dependent of the gate length for an aggressively scaled pitch; a
short gate length implies a small vertical tunneling current (due to a small BTBT area).
Therefore, it is necessary to find new solutions like heavily doped source extensions to
compensate the reduction of current drive due to the gate length scaling.

2.5.4. I1I-V based TFETSs

During the last 10 years, the number of TFETs based on heterojunction fabricated using
compounds materials of III-V families has increased dramatically [46], [76]—[82]. Unlike
silicon, III-V materials are direct-gap semiconductors with low bandgap and small effective
masses. As we know from Twgp equation, all these characteristics increase the tunneling
probability, but the most important BTBT enhancing factor is the introduction of new
bandgap engineering opportunities. Changing alloy composition is possible to fabricate
staggered and broken bandgap junctions (Figure 2.27). Using this, it is only necessary to
apply a small gate voltage to generate interband tunneling, which is perfect for ultra-low
power applications.
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Figure 2.27. Schematics of a homojunction TFET with a wide tunneling barrier and a heterojunction
TFET with band structure engineering [81].

However the use of these materials has several drawbacks, because the process
fabrication is not straightforward to transfer to a silicon platform. Also high-k interface with
ITI-V semiconductors presents a high interface state density and defects that are responsible
for trap-assisted tunneling (TAT) and the degradation of the subthreshold slope.

A III-V heterojunction TFET was developed by Intel with 3D-Trigate architecture using a
lower source/channel tunnel barrier height to achieve a steep slope [76]. The EOT scaling and
a higher source doping allows for on-current enhancement. A III-V nanowire TFET made on
a silicon substrate and using a surrounding-gate architecture was reported by Hokkaido
University [83]. It consists in a vertical III-V nanowire channel, with a high-k dielectric and
an EOT lower than 1 nm. The challenges in the fabrication process are related to the reduction
of the NW diameter. It shows a really steep subthreshold slope but apparently it is a one-shot
work. One of the major drawbacks is the co-integration of vertical structures with standard
(silicon) CMOS technology. A complementary III-V structure Tunnel FET has been
developed by IBM and the idea is the co-planar integration of III-V TFETs on silicon
substrate with a new technique called Template-Assisted Selective Epitaxy (TASE) [46].
Despite all the efforts, the CMOS-like integration is far from straightforward because TAT
degrades the TFET behavior at low gate voltages. A vertical InAs/GaAsSb/GaSb TFET has
been developed by Lund University [84], providing an Ipy = 10 uA/um for Iprr = 1 nA/um at
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Vbs = 0.3 V. One most recent investigation is based in III-V/Ge compound materials,
developed by Tokyo University [85]. The architecture is planar with InGaAs and Ge/strained
SOI TFETs. The defect-less p*-n source junction formation with steep impurity profiles is a
key for high performance.

2.5.5. Junctionless TFET

The requirements to increase the drain current in TFETs highly relies in the ability to
fabricate ultra-high doped and abrupt tunnel junctions. But as seen in [51] the source doping
gradient is the main responsible of the threshold voltage variability in fabricated TFETSs. This
problematic is also present in CMOS technology because at each time the dimensions of
transistors are scaled, the fabrication of ultra-sharp doping junctions is more difficult.
Recently  demonstrated is a nanowire transistor without junctions and no doping
concentration gradient called the junctionless transistor [86]. The doping is identical in
source, channel and drain and the depletion of carriers in the channel region is achieved
electrostatically. The work functions of the gate materials are chosen to help with device turn-
off characteristics. The use of thin body thickness (below 10 nm) and trigate or GAA
structures are mandatory to develop junctionless devices.

Snm &€5nm Snm

Snm

Znm
Snm 19nm

2nm

Snm

S5nm 20Nnm 20Nnm Snm 20nm Snm

Figure 2.28. Schematic of a simulated Junctionless TFET (JLTFET) with N-type doping in source,
channel and drain regions. Two sets of gates are implemented to electrostatically generate the p-i-n
structure of a TFET [87].

To implement a junctionless TFET it is necessary to fabricate two sets of gates to form a
p-i-n structure (as shown in Figure 2.28), one for the channel region to deplete carriers and
other in the drain region to generate electrons or holes. There are a considerable number of
simulation studies with similar architectures that claim the possibility to achieve a high on-
current and SS below 60 mV/dec [88]-[92]. The problem is that the fabrication process of two
gates in very short devices and with different gate work functions is non-trivial and so far
there are no published results of experimental junctionless TFETs based on these types of
architectures with such enhanced performance.

A different approach architecture called Source Junctionless TFET (SJL-TFET) has been
simulated [93] and experimentally demonstrated by Toshiba [94]. This device has been
fabricated in SOI using a silicon CMOS platform. First a boron ion implantation is done in the
whole active area and there is no source junction, because the source and the channel are
uniformly doped. But, there is a junction formation with the drain diffusion in order to use
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only a gate terminal in the channel region. When the gate voltage is increased the inversion
layer is formed under the gate and there is BTBT generation in the whole channel region
(vertical BTBT). Results show a small Iy of 2.1- 10 pA/um and Ippr ~ 0.01 pA/um (Vg =
1.0 V and Vpg = 0.2 V) and a lower SS in the range from 1041012 A/um compared to a
regular p-i-n structure most likely due to the no junction formation architecture.

2.5.6. 2D materials TFETSs

The thinning of 3D materials to obtain body thicknesses below 10 nm presents some
challenges in relation with film roughness as consequence of fabrication variability [95], TAT
effects at the oxide and heterojunction interfaces due to lattice mismatch [96] and
conventional substitutional doping methods [97] (dopant diffusion and ion implantation). All
together these effects prevent the formation of a sharp band bending in the tunneling junction.
2D layered materials have emerged as one of the most promising alternative for channel
materials, because of a better device electrostatic control with a lower natural length scale.
Besides, it is easy to obtain a thin atomic layer of a few angstroms per layer due to the van der
Waals bonding (weak bonding) between planes. These materials are also easier to pattern due
to their planar structure than 1D structures such as nanowires and nanotubes [98]. In addition,
accurate control of the bandgap is possible as it depends on the number of layers. Also the
possibility to obtain pristine and dangling-bond free interfaces and a weak electron-phonon
interaction is important to achieve a steep subthreshold slope.

There is a great number of identified 2D materials [99], but for MOSFETs and TFETSs the
Transition Metal Dichalcogenides (TMD) materials are the most interesting due to a wide
selection of bandgaps and band alignments. Of course, there are also challenges with 2D
TFETs fabrication: it is still necessary to form highly doped sources and drains, albeit ion
implantation cannot be used because it damages the thin crystalline structure of 2D materials.
Therefore, new doping methods are being explored, such as surface charge transfer [100],
[101], field-effect doping and covalent functionalization [102]. Even using these techniques,
traps states are still present within the bandgap, degrading the TFET performance. However,
it has been proven that with chemical treatment it is possible to passivate the active defects
and achieve a sharp band edge.

Das et al. [103] experimentally demonstrated Schottky barrier tunneling of holes in back-
gated MoS, FETs and Roy er al. [96] reported the first gate-controlled BTBT in a TMD
heterostructure. The BTBT occurs between the 2D layered semiconductor MoS, (N-type) and
WSe, (P-type) which can be easily stacked together and coupled by van der Waals forces,
forming a staggered gap heterojunction. The top and bottom gate electrodes are used
independently to control the electrostatic potential and modify the band offset at the MoS,/
WSe; interface. In both cases the use of electrostatic doping requires a back gate terminal to
control the devices.

Sarkar er al. [98] have successfully fabricated an atomically thin and layered
semiconducting TFET (ATLAS-TFET). This device is a vertical Tunnel FET implemented
with Germanium in the source region and a 2D TDM material (MoS,) bilayer of 1.3 nm in the
channel (Figure 2.29a). This heterojunction configuration formed thanks to the van der Waals
bonds, allows the formation of a staggered heterojunction as shown Figure 2.29b with strain-
free interfaces. The aggressively scaled body thickness enhances the electrostatic control by
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the gate and the use of MoS, minimizes the tunneling length, which increases BTBT.
Moreover, as the Germanium doping is extended into the channel region, the interband
tunneling is not limited to the source/channel junction, but occurs in the whole area (vertical
BTBT) and the current is increased with respect to the standard TFET. In the off-state (Figure
2.29¢) the conduction band of the MoS; is above the valence band of the Ge, so there are not
available empty states to tunnel through. Only electrons in the conduction band of Ge (in a
small concentration because is P-type) can tunnel, which provides a very low off-current. In
on-state (Figure 2.29d), the conduction band of the MoS, is lower than the valence band of
the Ge, thus there are available states to tunnel into. The maturity of TMD materials is limited
and the fabrication of high-k dielectric is still under research, so for this device the gate
dielectric is a solid polymer electrolyte [98].
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Figure 2.29. (a) Schematic of the ATLAS-TFET; (b) E-k diagrams of germanium and 2D layered MoS,
showing the formation of a staggered vertical heterojunction. Energy band diagrams for off-state
(interband tunneling is not allowed) and on-state [98].

The transfer characteristics of this device in Figure 2.30a for three different drain
voltages (0.1 V, 0.5 V and 1.0 V) shows a normalized on-current (at Vs = 0.5V and device
width of 15 um) of 0.066 pA/um, 0.46 uA/um and 1.0 pA/um respectively. The SS ranges
between 36.5 mV/dec and 31 mV/dec over 4 decades of drive current (from 10" A to 107
A). In Figure 2.30b the 2D TFET is compared with a conventional MOSFET fabricated using
the same MoS, material [98]. The SS of the conventional MOSFET is always above 60
mV/dec, while the ATLAS-TFET shows a minimum SS of 31.1 mV/dec.
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Figure 2.30. (a) Transfer characteristics of ATLAS-TFET for different Vjg (0.1 V, 0.5V & 1.0 V). Steeper
SS below 60 mV/dec over 4 decades of current; (b) SS(Ip) for the ATLAS-TFET and a CFET at Vg = 0.5
V [98].
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Finally, Roy et al. [104] have fabricated the first TFET based on two different layered
semiconductors using WSe,/SnSe; heterostructures. The P-TFET shows an Ipp/Iopr ~ 104 and
a SS ~ 100 mV/dec over 2 decades of current. The device performance is degraded, but an
improvement of the contacts and heterojunction interface quality can provide better results.

2.6. TFET Benchmark

In this section are gathered the most representative Tunnel FET devices with different
architectures, materials and process fabrication steps in order to compare their performance
(drain voltage, on-current, off-current, Ion/Iorr, average SS and CMOS compatibility). The
aim is to determine the trends and the possible future prospects.

ION IOFF SSaV CMOS
Structure Vo) 1 amum) | @am) | O | videe) | Compt.

SOI [62] -1.0 5.1-107 | 7.1-10° 120 Yes

SOI Ge-Source [28] 0.5 1.2-107 | 3.5-10° 50 Yes

Si NW GAA [105] 0.1 3.0-107 | 1.0-107 50 Yes

Si NW GAA [106] 0.1 3.0-10° | 1.6-10° 50 Yes

GeOl [62] -1.0 3 0.022 1.4-10° | 200-300 Yes

SOI MuGTFETs [107] 1.2 8 3-10° | 2.7-10° 250 Yes

SOI NiSi [24] -1.0 3 2-10% | 1.5-10° 60 Yes

I1I-V SG InGaAs [76] 0.3 8 5-107 1.6-10° 140 No

I1I-V SG InGaAs/InGaAs [76] 0.3 17 5-10° | 3.4-10° 106 No
I11I-V Htj GaAsSb/InGaAs [108] 0.5 135
Strained SiGe/SOI [61] -1.0 112
Hmj InGaAs [109] 0.5 30
Moderate Htj InGaAs [109] 0.5 78
High Htj InGaAs [109] 0.5 135

I1I-V (InAs) NW/Si Htj [79] 1 1 1.0-107 | 1.0-10’ 110 No

Si Bulk JTFET [69] 0.6 0.13 45107 | 2.9-10° 85 Yes

Si Bulk poc-JTFET [69] 0.6 0.15 42-107 | 3.6:10° 81 Yes

sSi NW [67] -1.0 64 2.8-10" | 2.3-10° 90 Yes

SOI Wrapped gate [75] -0.05 0.5 1.0-10° | 5.0-107 100 Yes

SGOI NW [65] 0.9 760 2.0-10° | 3.8-107 80 Yes

Bulk Si [51] -1.0 0.33 1.5-10° | 2.2-10° 300 Yes

SiGe/Si line [73] 0.5 6.7 2.0-10% | 3.4-10° 80 Yes

II1-V heterostructure InAs/Si [46] -0.5 ~4 1.0-10° | 4.0-10° 70-80 Yes

2D Ge-MoS, TFET [98] 1.0 1 63107 | 1.6-10°% 35 Yes

Table 2.1. Tunnel FET Benchmark with the comparison of different architectures, materials and process
fabrication steps. Green="good performance”, yellow="average”, red="poor performance”.

The benchmark in Table 2.1 verifies that using silicon as channel material does not
provide a good on-current even if Germanium is used in the source [28] or if a nanowire GAA
architecture with small diameter of 30-40 nm [105] or 18 nm [106] is used. An average SS
lower than 60 mV/dec has been demonstrated, indicating that the process fabrication for
silicon is well controlled and the concentration of traps is small. An SOI TFET with nickel
silicide source [24] demonstrated a drain current of 3 pA/um and a SS of 60 mV/dec. In
another publication a strained silicon (sSi) nanowire [67] was shown to exhibit a high on-
current of 64 uA/um, but a degraded SS of 90 mV/dec. To obtain tunneling currents higher
than tens of pA/um it is mandatory to use heterojunctions of III-V materials in the channel
with vertical trigate/nanowire or GAA architectures [76], [108], [109]. However because of
the lack of maturity of these BTBT materials the presence of defects in the semiconductor and
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the lattice mismatch with the silicon platform result in a degraded SS higher than 100
mV/dec. Moreover, these devices cannot be co-integrated with silicon CMOS. Recently, the
planar integration of III-V TFETs on silicon has been demonstrated [46], but the
performances are still limited. With respect to research in 2D-materials TFETs [98], the
trends are very promising because of the intrinsically small body thickness (several atomic
layers), but further optimization is necessary to achieve acceptable performance levels.

Examining Table 2.1 we have to conclude that not a single fabricated TFET has so far
demonstrated simultaneously high on-current and a subthreshold slope below 60 mV/dec over
4 decades of drive current. The best option for the co-planar integration of TFETs with
CMOS technology involves the use of trigate/nanowire architectures with very narrow body
thickness (trigate) or diameter (nanowire) in SOI structures and materials such as SiGe,
sSiGe, or Ge, which are commonly used in CMOS fabrication processes. It is worth noting
that GeSn is emerging as a promising candidate for channel material, because of the direct
bandgap, small effective mass, strain engineering and silicon compatibility. All these
characteristics can enhance the performance of TFETs.

It is extremely difficult to provide an accurate benchmark of TFETs devices because
there is no standard procedure to extract parameters such as SSqye, Ion and Iorr. This explains
the large spread of drain voltages used to extract the on-current in Table 2.1. The same applies
to gate voltages (which are not shown in the benchmark). With respect to the average SS, the
IRDS establishes that the SS should be averaged over four decades of current. Many reported
data, however, only quote the minimum value of SS or an average value covering only two or
three decades of drain current. In addition, the average SS is usually calculated at very low
values of the drain current. To be useful for circuit applications, the values of currents for
which the SS is lower than 60 mV/dec should range from 107 pA/um to 10 pA/um.
Unfortunately, the SS in this region is degraded in all reported devices.
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2.7. Conclusions

This Chapter presents an overview of Tunnel FET devices. First, the carrier injection
mechanism on which TFETsS rely, interband tunneling or BTBT, was introduced. Next, we
used energy band diagrams for the N- and P-TFET configuration to qualitatively show that
the BTBT occurs only in the source/channel junction. The Landauer equation indicates that
the tunneling current is dependent of the tunneling probability Twgp. Therefore, it is
mandatory to reduce the tunneling length, the bandgap at the source/channel junction and the
effective mass of the carriers in order to maximize BTBT. Theoretically TFETs have ability
to achieve a subthreshold swing below the 60 mV/dec. The comparison of the simulated and
experimental TFETs shows a gap between optimistic simulations and modest fabricated
devices, because non-ideal effects such as Trap-Assisted-Tunneling, were not considered in
simulations. Published results show that TAT is the major factor responsible for the SS
degradation. Simulated and fabricated silicon channel planar structures yield poor TFET
performance, outlining the need for boosters. Our TCAD study shows the impact on TFET
performance of aggressively scaling of body thickness, gate length, EOT and the introduction
of an underlapped region near the drain and new materials with small bandgap. The most
important boosters to increase the performance are related to junction optimization, use of
heterojunctions materials, high dielectric permittivity, body thickness, ultrathin geometry and
drain-gate underlap.

Focusing on fabricated TFETSs, an overview of the architectures, structures and materials
used at CEA to develop Tunnel FETs is presented. The first generation of devices was based
on planar Si; \Ge,OI and GeOI TFETs structures. The SOI devices show poor performance,
but characteristics improve when Ge is used. The second generation of devices was fabricated
in ETSOI with compressively strained Si;<Gex body in order to increase BTBT injection.
Narrow channels, high-k metal gate, strain, low bandgap in the source and low temperature
anneal were used. The most innovative architecture involves making SiGe nanowire TFETs
with a Q-gate configuration in order to increase the electrostatic control with small body
thickness. Trigate/nanowire architectures are one of the most promising architectures to
achieve a higher on-current due to in the improvement of the electrostatic field. These are
compatible with standard silicon CMOS.

Other interesting techniques for making TFETSs are based on strained Si and SiGe GAA
nanowire TFET structures which show good results for the on-current, although the SS is
somewhat degraded. Junction TFETs and T-Gate Schottky barrier TFETs were fabricated
using a Schottky junction to increase the tunneling current, but the electrical characteristics
are not significantly enhanced with respect to those of standard TFETs. Another topic of
interest is the parallel electric field TFETs with extension of the source into the channel and a
specific silicidation process in the source, which shows improvements of BTBT current. III-V
based TFETs have the objective of forming heterojunctions with a reduced tunneling length.
In these devices the on-current is significantly improved, but due to the lack of maturity of
these materials the presence of defects degrades the SS. As defects in the junction are
responsible for a degraded SS, the junctionless TFET has been proposed to solve the problem.
Simulations show that it is possible to obtain a steep SS because there are no junctions, which
reduces defect generation in the semiconductor. On the other hand experimental junctionless
TFETSs have shown a small on-current and SS higher than 60 mV/dec. Recent research on 2D
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material TFETSs stems on the idea of using atomic layers in the channel region to increase the
tunneling length and the electrostatic control by the gate. However, the quality of the
junctions made in these materials needs to be improved. Finally, benchmarking TFETs shows
that not a single fabricated TFET has demonstrated simultaneously a steep slope and high on-
current. The use of trigate/nanowire architectures with SiGe, sSiGe, Ge or GeSn seem the
most probable options to increase the performance in TFETs while keeping the compatibility
with standard CMOS.

The key messages of this chapter are: the comprehension of the interband tunneling
mechanism through the equations that govern the tunnel probability and the main factors
that allow to enhance it. Next, it is explained that the significant difference between
simulated and fabricated TFET:s it is due to secondary order effects. Specifically, TAT is
one of the main responsible that degrades the possibility to achieve a sub-thermal
subthreshold slope. Via a TCAD study it is introduced the most important boosters to
increase the TFET performance. To continue, we summarize the fabrication TFET path
followed at CEA based on co-integrability with MOSFETSs. In addition, we make an
overview of other TFET state-of-the-art investigations such as III-V compounds or 2D
materials. Finally, a benchmark of the fabricated TFETs in the last decade, clearly shows
the difficulty to achieve simultaneously a steep slope and high on-current.
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Chapter 3.
Low-Temperature TFETSs

3.1. Basis of 3D sequential integration

Conventional 2D planar CMOS integration based on Moore’s law is reaching its limits,
not only because at the transistor level the control of SCEs requires more complex
architectures [1], but also because the implementation of boosters increases the overall cost of
production [2]. Moreover, at the chip level, each time the density of transistors is increased,
the overall length of metal interconnections is enlarged. As a result, the global delay in ICs
becomes dominated by the capacitance of the metal lines. 3D monolithic integration [3], [4]
appears as an alternative to the scaling of planar CMOS integration because it allows one to
minimize the delay through shortening the interconnections by stacking devices on top of
each other [5]. This solution is compatible with the More Moore and More-Than-Moore paths
[6]-[8]. The latter relies on adding innovative functionalities and capabilities to CMOS
circuits by stacking onto them extra logic levels, sensors, etc.

‘ <3
%

Figure 3.1. (a) 3D sequential integration schematics. Bottom tier fabricated with standard process (High-
Temperature annealing). Top tier fabricated with a Low-Temperature process. (b) TEM cross-section of a
sample of CMOS-over-CMOS 3D sequential integration [9].

There are two possible approaches for 3D integration, namely: (i) Parallel integration (3D
Packaging), where the wafers or chips are processed separately and in a second step are
stacked and contacted. The main drawback with this technique is that the contact pitch (3-8
um) and vias density (105 Vias/mmz) are limited by the wafer bonding alignment [2]. (ii)
Sequential or monolithic integration (3D VLSI), illustrated schematically in Figure 3.1a, is
the most suitable solution owing to two main advantages. Firstly, it allows the formation of
vertically stacked devices layers (bottom and top layers) processed sequentially using the
same front-end process steps with a very high contact density due to the use of state-of-the-art
lithography alignment [10] (via density higher than 10’ vias/mm” has been demonstrated in
[11]). Figure 3.1b shows an example of lithography alignment accuracy achieved in a 3D
sequential CMOS structure [9]. Secondly, the co-integration of heterogeneous architectures
enables the implementation of future circuits with enhanced functionality and
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reconfigurability that are suitable for emerging applications requiring high 3D vias densities
such as imagers, CMOS with NEMS, etc [12].

There are still important challenges to solve in 3D VLSI. More specifically, low-
temperature process steps are needed for integrating the top level transistors in order to avoid
the degradation of the already fabricated bottom devices and inter-tier metallization [13]. The
bottom level FETs can be fabricated with a standard “High-temperature” (HT) process
(annealing at 1050 °C). So far, characteristics of devices made using the LT process have only
been reported for MOSFETs. In this chapter, low-temperature (LT) TFETs are investigated
[14]. These TFETSs that can be used at the top level for CoolCube™ integration.

3.2. Low-temperature TFET process

3.2.1. Process flow

MOSFETSs and TFETSs were fabricated on 300 mm SOI wafers (11 nm thick initial silicon
film) following the process flow described in Figure 3.2. The gate stack was formed using a
chemical oxide interlayer (IL), plasma oxidation at 200°C, 2 nm atomic layer deposition
(ALD) of high-k HfO,, plasma nitridation at 250°C and post-nitridation anneal (PNA) at
600°C. Then, silicon nitride spacers were formed at low temperature (630°C). Intrinsic
Sip73Geg 27 selective epitaxy was used at T = 630°C to increase the thickness of source and
drain regions. An extension last (Xlast) integration scheme [15] was used for the LT devices,
where junctions are implanted after source and drain epitaxy. Figure 3.2 shows that there is a
split in the process flow for junction doping because there were two different anneal
temperatures applied to reach the highest possible dopant concentration. Dopant activation
using the SPER technique is achieved by annealing at 600°C for 2 minutes. For comparison,
in the High-Temperature process, the standard LDD (Lightly Doped Drain) and HDD (Highly
Doped Drain) implants are followed by a 1050°C spike anneal.

High Temperature (HT) Low temperature (LT)
1050 °C max. 630 °C max.
SOI:Si 1l nm /145 nm BOX)
Si MESA patterning

Gate stack deposition, litho., etching
PolySi 50 nm / TiN 6.5 nm / HfO, {525°C)

Spacers 1 (nitride)

Siy 15Geg »; Raised Source-Drain epitaxy (630°C)

LDDp (extensions p) lithography

Ge Pre-amorphization implant (PAI)
BF2 implant see TEM image in Fig. 3.3
+ B implant

LDDp (extensions p) resist stripping

LDDn (extensions n) lithography

Ge Pre-amorphization implant (PAI)
+ P implant

As implant

LDDn (extensions n) resist stripping
Anneal 950°C Spike J Anneal 600°C 2 min (SPER)
Spacers 2 (nitride / oxide)
HDDp (litho., B & BF, implants, strip)
HDDn (litho., As & P implants, strip)
Dopant activation 1050°C spike

NiPt silididation. Back-end orocess

Figure 3.2. Simplified process flow for CMOS TFET fabrication. The new low-temperature process with
Xlast and SPER techniques (LT: 600°C) is compared to the reference (HT: 1050°C) [14].
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TFETs can readily be made using a standard SOI CMOS process, although fabrication
sequence used here was not specifically optimized for Tunnel FET architecture. The
integration of TFETS into our silicon platform is straightforward and all the boosters used to
increase the performance in CMOS technology can be also implemented for TFETs. In
addition, this approach will permit direct comparison between identical device structures
made using either a hot or a cold process.

3.2.2. Focus on PAI and SPER techniques

For dopants activation, low-temperature (600°C) solid-phase epitaxial regrowth (SPER)
is used. Prior to this step the amorphization of the source and drain regions is required [4],
[16], [17]. We use a Germanium Pre-Amorphization Implant (PAI) in order to form a
homogeneous amorphous region [18]. This step is critical because dopants will only be
activated in the amorphized region. Next, the implantation of dopants (boron and phosphorus)
is performed. The recrystallization occurs from the bottom of the SOI film, which acts as a
seed. Therefore, the energy of implantation for Germanium PAI has to be well controlled in
order to avoid the amorphization of the whole SOI film and preserve a monocrystalline
bottom layer. Figure 3.3 shows that indeed the amorphized region after PAI (green dashed
lines) does not reach the film-BOX interface.

;: amorphized
;' region after

-
-~
- -

Figure 3.3. Cross-sectional TEM image of a LT device after Pre-Amorphization Implant showing the
amorphized region prior to dopant implantations.

3.3. Electrical characterization

3.3.1. Dual I,-Vps method

A previous study using Cross-sectional Transmission Electron Microscopy images and
Energy-Dispersive X-ray spectroscopy analysis [19] demonstrated that the silicidation process
was giving rise to diffusion of Nickel into the N¥ junction in some fabricated devices,
spreading under the gate. As a result, p-i-n gated structures were not behaving as TFETSs, but
rather as p-i-Metal structures (SBFETs). The dual Ip-Vpg electrical characterization method
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[20], [21] allows to determine whether the current in the gated diodes is governed by band-to-
band tunneling or by Schottky Barrier (SB) conduction. As established in Chapter 2, we have
to determine if devices are TFETs or SBFETs because even though SBFETSs have a higher
drain current than TFETS, they are unable to achieve a SS lower than 60 mV/dec [22] at room
temperature. On the other hand in TFETSs, a poor interface quality leads to TAT [23] which
degrades the subthreshold slope of the device, increasing SS well above 60 mV/dec at room
temperature.

Dual Ip-Vps method consists in interchanging the roles of the contacts. The polarization
schemes in TFET structures are:

1) P-TFET bias “natural” scheme: Vp <0, V5 <0, Vi = Grounded.
2) P-TFET bias “swapped” scheme: Vp = Grounded, Vi <0, Vy < 0.
3) N-TFET bias “natural” scheme: Vp = Grounded, Vs > 0, Vy > 0.
4) N-TFET bias “swapped” scheme: Vp > 0, Vi > 0, Viy = Grounded.

In the “swapped” scheme the probes are basically swapped between the N* and P*
junctions, with respect to the “natural” scheme, but keeping the same voltage. The SBFET is a
symmetrical device, which means that we should obtain approximately the same Ip(Vps)
characteristics for both natural and “swapped” schemes. However, when a TFET is biased
with the “swapped” scheme, the p-i-n gated diode is forward biased and the device cannot be
turned off by the gate terminal (explained in more detail in [19]). The schematic of Figure 3.4
presents the expected behavior for “natural” mode (quasi-identical for TFET and Schottky,
hence not informative enough), “swapped TFET” and “swapped Schottky” mode. With this
method and taking advantage of the asymmetry of TFETs it is possible to differentiate
between a real TFET behavior and a Schottky behavior. Note the lack of saturation at high Vp
which is typical from a PIN diode.

Swapped mode Schottky

V<OV

V, Grounded

V, <0V
Natural mode N

V<0V
V<0V
V, Grounded

Swapped mode TFET

Ve<0V
V, Grounded
Vy <0V

-1V 0
VD

Figure 3.4. Schematic of Dual I)-V)s method for P-TFET operation. Blue line represents Ij(Vp) for
“natural” TFET or Schottky polarization. Dark red line exhibits the expected response of a gated p-i-n
diode with BTBT behavior (TFET) and red line shows the expected response of a gated diode with
Schottky behavior (SBFETSs) [24].
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3.3.2. Analysis of the tunneling process

The impact of using either a Low-Temperature or a High-Temperature process on the
electrical characteristics is investigated using TFETs operating in the p-type mode. The TFET
behavior of the fabricated devices was verified using the swapped dual Ip-Vps method [19].
Swapped Ip-Vps curves in Figure 3.5a and Figure 3.5b unmistakably confirm the
asymmetrical behavior of the p-i-n gated diodes. It is noticeable that the current is essentially
independent of gate voltage in the “swapped” mode of operation. We can, therefore, conclude
that the HT and LT wide devices presented in this study are real TFETs and not Schottky-
based transistors.

10° g T T T T
: LT TFET (P mode)
;a) —— O Vgs=0V
N L/W=05/10umi — o vgs=-02v
—— O Vgs=-04V
10y swapped mode —— 5 Vgs-.08V
L —— O Vgs=-08V
—_ E 2 —— O Vgs=-10V
E 4'[ natural mode o 5 Vst
2 3 0 —— O Vgs=-14V
i TR —— O Vgs=-16V
N E o — O Vgs=-18V
_o 10.3%\ —— O Vgs=-20V
e~
10°
i S
10-7 E " 1 2 1 o [e)
-1.5 -1.0 -0.5 0.0
Drain Voltage (V)
10° T T T T T
3 HT TFET (P mode)
E — O Vgs=0V
E b) L/ W=05/10umj — o vgs=-02v
10"k —— O Vgs=-04V
E —— O Vgs=-06V
3 swapped mode — O Vgs=-08V
‘é.. 715 —— O Vgs=-10V
5 19 F natural mode o eIy
ﬁ L — O Vgs=-16V
~— E — O Vgs=-18V
-2 10'3;r — O Vgs=-20V
3
P~ o
107 5
f\'\ 0
10'7 :\‘\\- 1 ﬁ It
.5

-1.0 -0.5 0.0
Drain Voltage (V)
Figure 3.5. Example of dual I(Vps) measurements of (a) LT TFET and (b) HT TFET, performed

according to the TFET validation method detailed in [19] and showing that tunneling is BTBT and not
Schottky related.

Using the swapped dual Ip-Vps method, it is possible to identify the impact of the size:
wide and medium-width structures (width range 2.0-0.1 um) exhibit a well-defined TFET
behavior as shown in Figure 3.5. Low-temperature narrow devices (width = 30 nm) on the
other hand, show a gate voltage dependence (purple circle in Figure 3.6a) which fits a
Schottky Band-to-Band tunneling behavior rather than a TFET one. However, High-
Temperature narrow devices (width = 30 nm) show a voltage dependence for low values of
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Vi, while for higher values of Vg the current is mostly independent of the gate voltage, which
indicates a TFET behavior (Figure 3.6b). Based on this observation, we can conclude that this
narrow HT device has characteristics that are in-between those of TFET and Schottky
devices. The comparison of narrow devices in Figure 3.6a and Figure 3.6b establishes that the
High-Temperature process yields TFETs with BTBT operation (Figure 3.6b), while the
considered Low-Temperature process does not for narrow devices (Figure 3.6a).

LT TFET (P mode)
L/W=0.5/0.03 um

10°

10'

’g: —
= -1 —_—
< W
= —
-0 _—
10°fF —-
10°F .
Schottky effect
107 : ' : :
-1.5 -1.0 -0.5 0.0
Drain Voltage (V)
E v T T T T
10°  swapped mode HT TFET (P mode)
0 L/W=0.5/0.03 pm
10' [ b)
—_ t Vgs =
g_ F ——-02V
-— -1 [ ——-04V
< 10F _ oev
2 [ —-o08V
0 E ——-10V
10° F —-12v
P ——-14V
F ——-16V
Jf —-18vV
10°F —-20v
r
107 L

-1.5 -1.0 -0.5 0.0
Drain Voltage (V)
Figure 3.6. Dual I(Vps) measurements for Low-Temperature and High-Temperature diodes performed

on narrow devices (W = 0.03 pum). (a) In narrow LT devices the tunneling is Schottky related. (b) In
narrow HT devices a transition from TFET to Schottky behavior for low values of Vg is observed.

3.3.3. Ip(V) characteristics

The Ip(V) characteristics of the single-channel TFETs with a gate length of 0.5 pm and a
width of 1.0 um are well behaved with low leakage and reasonable Ion/IpFr ratio (104—106).
However, the average on-current (defined at Vo =2.0 V & Vp =0.9 V) for both HT (~ 2.0-10°
> uA/um) and LT (~ 5.0-10 pA/um) TFETS is small. This is due to the fact that the channel
is made of silicon, and the source/channel junction is not developed for optimized band
bending: the tunneling length (A) is not minimized, which means that a high gate voltage is
required (Vgs = - 2 V) to obtain tunneling current.
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The electrical measurements in Figure 3.7a and Figure 3.7b show a very low dispersion
of the Ip-V curves within a given wafer for both drain biases under consideration (Vps = - 0.5
V and Vpg = - 0.9 V). The small variation between measured devices indicates that High-
Temperature and Low-Temperature processes are well controlled. The threshold voltage (V7x)
was defined as the gate voltage for which I = 10 uA/um. The use of the Low—Temperature
process results in a Vyy reduction (approximately ~ 300 mV) and to an increase of the base
leakage current (+ 1.5 decades off-current), which could be attributed to SPER related defects
not entirely annealed out in the relatively thick silicon film (11 nm) [25]. Moreover, if these
defects are present inside the semiconductor this could explain why the drain current is higher
for LT than for HT TFETS, because a part of the drain current will be a consequence of the
Trap-Assisted-Tunneling and not the BTBT. For small-medium gate voltages (from - 0.7 V to
- 1.5 V) the influence of the TAT component dominates, but for higher values of applied bias
at the gate terminal (from -1.6 V to 2.0 V) BTBT prevails and the drain current for HT and
LT TFETSs have comparable values (Figure 3.7).
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Figure 3.7. (a) Measured p-mode I(Vgs) curves of SOI Tunnel FETs fabricated using high-temperature
and low-temperature processes (14 dies wafer) for Vpg = - 0.9 V; (b) Measured p-mode I(Vgs) curves of
SOI Tunnel FETs fabricated with HT and LT processes (14 dies per wafer) for Vps=-0.5V.

The Vry lowering results in a promising increase of the on-current for Low-Temperature
TFETs of ~ 100-200% over the High-Temperature in Iox plots (Figure 3.8). This shift of the
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3.3. Electrical characterization

threshold voltage could be explained by the impact of the junction position on the device
performance. Because of the temperature difference of annealing between the HT (1050°C)
and LT (650°C) process, dopant diffusion in the source/channel junction is not the same and
affects junction abruptness and the location where BTBT takes place.
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Figure 3.8. Impact of TFET process (HT vs LT) on Ioy(Iorr) plots with on-current measured at Vgg=-2 'V,
off-current at Vgg=-1V (for p-mode TFETSs) and Vpg=-09 V.

The subthreshold swing extractions at Vps = - 0.9 V in Figure 3.9 show very similar
performance in LT and HT TFETs. As the fabrication CMOS process flow is not optimized
for tunneling switches, the minimum slope obtained is 160 mV/dec which remains well above
of the theoretical 60 mV/dec value and the current is still modest. These Tunnel FETs devices
lack the abrupt doping profile at the source junction that is necessary to achieve steep-slope
switching. In addition, silicon is not the best choice for tunneling devices due to its relatively
wide bandgap. For example, replacing silicon with SiGe or Ge has been documented to
increase the tunneling probability [26], [27]. The main conclusion drawn from this analysis
is that the performance of LT TFETSs is comparable to that of HT devices and no
noticeable degradation due to the LT process is observed. It is worth noting that the LT
process can easily be adapted to SiGe or Ge.
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Figure 3.9. Figure of merit SS(Ip) of p-mode TFETs (for HT versus LT devices) at Vps=-0.9 V.
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Chapter 3. Low-Temperature TFETSs

We have also investigated the impact of the gate length reduction on Ip(Vg) curves.
TFETSs physics states that the on-current is not limited by transport (as it is in MOSFETs), but
by the BTBT generation, which does not depend on gate length. Results in Figure 3.10a show
that gate length reduction in wider (W = 2.0 um) HT TFETs does not impact the on-current
significantly, except for very small values (L < 70 nm), where a small degradation due to
short-channel effects is noticeable [28]. For wider (W = 2.0 um) LT TFETs in Figure 3.10b,
there are minor effects in on-current down to Lg = 0.15 pm. Beyond this point, a very
aggressive gate length scaling generates a significant degradation of the on-current (not
shown in Figure 3.10b). LT device with Ls < 0.15 pum were not functional. Process
optimization to make short-channel MOSFETSs and TFETs is currently in progress.

10" T T T T T
i a) HT SOI TFET (P mode)]
V, =-09V]
10° W =2.0 um 3
E I
Z 10° 1
én f —e—L=0.5um
- f ——L=0.25um
107 E_—v—L=0.15um
: ——L=0.1pum
[ ——L=0.07 um .
f —— L =0.05 um 3
9 N 1 " 1 L
950 1.5 1.0 0.5
Gate Voltage (V)
10-1 E T T T T T 3
s b) LT SOI TFET (P mode)
_ Vs =-0.9V?
10° | W= 2.0 um -

10°F —a—L=1pum
- —e—L=05um
© —a—L=0.25um

l, (nA/um)

10'9 i L 1 " 1 "
2.0 1.5 -1.0 0.5

Gate Voltage (V)

Figure 3.10. Impact of gate length reduction on (a) wide (W =2 um) HT SOI TFET at Vg = - 0.9 V. Minor
degradation of on-current for L; < 0.15 pm is observed; (b) wide (W = 2 um) LT SOI TFET at Vg = -
0.9 V. More aggressive (shorter) gate lengths show excessive gate leakage current.
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3.4. Simulation of Low-Temperature TFETs

2D TCAD simulations of TFETs with silicon source, drain and channel were carried out
to analyze the physical reasons behind the HT/LT differences observed in the measurements.
For the simulation deck we have used the same parameters as in the fabricated TFETs. The
most significant values are: Lg = 0.5 pum, W= 1.0 um, Tgox = 145 nm, Ts; =11 nm, EOT =1.18
nm and a dopant concentration of Np = Ny =10* ¢m™ for Source and Drain. We assumed
dopant profile parameters (lateral junctions position, abruptness) typical of the “HT” and
“LT” processes: overlapped junctions with standard abruptness for HT (higher dopant
diffusion because of spike anneal has been simulated with a smooth Gaussian decay of 1.5-2.0
nm/dec) and underlapped abrupt junctions for LT (with a reduced Gaussian decay of 0.5-0.7
nm/dec, due to the lower temperature of SPER process). Even if this description (Figure 3.11)
does not exactly correspond to the real doped regions, it enables one to capture the difference
in terms of tunneling efficiency.
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Figure 3.11. Doping profile of simulated “HT” and “LT” structures, showing the junction position with
respect to the gate edge. Inset images show the schematic of the simulated TFETs. [24]

In the simulated Ip(Vgs) transfer characteristics curves (Figure 3.12), it is possible to
observe that drain current is higher in “High-Temperature” TFETs than in “Low-
Temperature” TFETSs in apparent contrast with experimental results reproduced in Figure
3.7a. In order to get rid of the threshold voltage variations and obtain an accurate comparison,
we have defined on-current at a given gate overdrive (Vgs-Vrp).
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Figure 3.12. Simulated p-mode Ip(Vss) curves of SOI Tunnel FETs with overlapped junctions (“HT”

process) and underlapped junctions (“LT” process).

One can note in Figure 3.13 that HT stru
although the LT performance is not far behind.

ctures still yield better on-current performance
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Figure 3.13. Updated Ion(Iorr) plots (measurements

data) with corrected definitions of Ioy and Iopp: Ioy

extracted at V-V =-0.7Vand Ippr at V-V =+ 0.2 V.

The trends of simulations results in Figure 3.12 are confirmed by Ion(Iorr) experimental
data when corrected for V7 (Figure 3.13). High-Temperature TFETSs exhibit on-current that is
roughly twice that of Low-Temperature devices ones, but the off-current defined at
Vs - Vr=+0.2 V is approximately 5 times higher. The minimum leakage current, however,

is lower in HT devices as shown in Figure 3.7a.
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Figure 3.14. Tentative comparison of HT vs. LT performance by measurements and TCAD simulations.
Relative on-current at Vpg=-0.9 V.

It is well stablished that for a given gate overdrive, in both experimental results and
TCAD simulations (Figure 3.14) the High-Temperature TFETSs present a higher relative on-
current than the Low-Temperature TFETs. The difference between measurements and
simulations relative to the on-current could be explained by simulations being performed with
full silicon source, drain and channel, while the fabricated TFETS structures have SiGe raised
source and drain which in fact increase the performance of the pTFET. SiGe acts as a booster
by decreasing the energy band gap in the source region (where BTBT takes place) which
generates an increase of the on-current with respect to the simulated silicon-only TFET.

3.5. TFET Benchmark comparison

Table 3.1 benchmarks our Low-Temperature and High-Temperature TFETs to other
TFET from the literature. These planar SOI Tunnel FETs are the first reported with Low-
Temperature process fabrication. HT and LT TFETs with different gate lengths, from
Lg =500 nm down to Lg = 50 nm, were fabricated and measured. LT TFETSs exhibit an on-
current in line with SOI past results obtained at CEA-Leti [29] but lower than TFETs with a
SiGe channel [30]. Besides, LT TFETSs presents a higher off-current (~ 10 pA/um) than HT
TFETs (~ 0.7 pA/um), as consequence of defects that cause TAT are less passivated at low-
temperature annealing. For both HT/LT devices, the subthreshold swing is degraded because
the process fabrication it is not yet optimized for TFETsS.
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Reference Structure

SOI HT

This work

F.Mayer et al.
(CEA-Leti) [29]

SOI

oAt o) SGOI 23 | 12 | 1000 | -0.9
P Bulk Si i - | 200 |10
Mooty (321 | GeSSOTA%) | 5o yoqa| | qg
2 Jiehy 133 SiGe line 4 | 5 | 200 |-05
Mok U 1541 H(II':G‘:Z‘;“ 1.3 | 100 - |oas
(Ilfe}ﬂ?gf%nei;%l) HI-Vvertical | g | 200 | -0.5

K. Moselund et al. III-V planar

(IBM) [36] 1.75 27 900 -0.5
E. Memisevic et al.
(Lund U.) [37] -V NW - 20 100 0.3
S. Glass et al. . .
(FZ Jiilich) [27] SiGe/Si 2 13 - 0.05

Table 3.1. Benchmark for different TFET structures (planar, SOI, bulk Si, vertical) and materials (Si,
SiGe, III-V materials), which are currently under research.

In general, all-silicon TFETSs exhibit a performance that is lower than that of SiGe and
III-V TFETs. Results on Bulk Silicon TFETs [31] have proven the importance of using
boosters to increase tunneling performance. These boosters are:

- Asymmetrical structures to reduce the off-current at the drain region.

- EOT scaling to achieve a steep switching and high on-current by means of an
enhancement of the gate electrostatic control.

- Narrow bandgap materials (Ge, III-V) for increasing on-current with high tunnel
probability.

- Abrupt doping profile at source junction for steep switching and high on-current due
to a thin tunneling barrier.

The TFET with Ge-source and a strain SOI [32] shows a limited on-current of 1 pA/um
and a SS of ~ 70-80 mV/dec over four decades of current. Other solutions to improve the
tunneling current rely on vertical BTBT generation using architectures such as the SiGe line
TFET [33], which exhibits a higher on-current (6.7 pA/um) with one of the lowest SS ever
reported, but over a reduced range of Ip current. New innovations related to the fabrication
process have been recently presented in order to enhance the vertical BTBT and improve the
SS. Among those are the use of an Sijs50Geo50/Si heterostructure with vertical tunneling path
[27].
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3.5. TFET Benchmark comparison

III-V based TFETs [34]-[37] show the highest on-currents owing to the possible
formation of a staggered or broken gap in the tunnel junction [35], [36], but their SS is
severely degraded because the processing of these materials is less mature than that of silicon,
and a large number of defects (traps) is generated in the semiconductor [23]. New
improvements such as the formation of an Zn-diffused source in InGaAs TFET [34] allows
for a steeper doping profile with a smaller defect density. This results in an SS of 64 mV/dec
over 3 decades of drain current (from 10 pA/um to 10~ wA/um), although the achieved on-
current in only of 2.0 pA/um. The most promising solution is the use of vertical nanowires
architectures with an aggressively scaled diameter (lower than 20 nm) to increase the
electrostatic control. The most recent example is a vertical InAs/GaAsSb/GaSb TFET [37] on
silicon with an on-current of 10.6 uA/um (at Vps = 0.3 V) and a SS of ~ 55 mV/dec over 3
orders of current (from 10° pA/um to 10" uA/um). Unfortunately, the integration of these
III-V materials into silicon platform is very challenging [36], so further improvements need to
be investigated to increase the on-current and extend the range of reduced Subthreshold swing
in the area of interest, namely from 10 uA/um to 10" pA/um.
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3.6. Impact of fin width on TFET performance

The study of the impact of the fin width on device performance has revealed an
interesting dependence. The transfer characteristics in Figure 3.15a show that there is an
enhancement of the drive current in multi-channel TFETs with narrow fins (Wg, = 0.1 um)
when compared with thicker fins (Wp, = 1.0 um or 0.5 pm). The effective width of the
devices is given by Wer = NenannetsX[(Win — AW)+2xTs;]. This behavior seems to be the
opposite to the drain current-width dependence known in MOSFETsSs, where a reduction of the
width implies a reduction of the drain current. In order to determine if this phenomena is
related to the effective electric field, the drive current has been plotted versus the gate voltage
overdrive Vg - Vry for different fin widths in Figure 3.15b. We consider that Vg is the
voltage for which the drain current is equal to 10 nA. Results indicate that that the 4 curves
are superimposed; if the current is normalized (in pA/um), the current actually increases as
the fin width is decreased, meaning that in narrow fin the effective electric field in the BTBT
region is higher. It also suggests that the BTBT occurs in the corners of the devices, since
total current is independent of fin width.
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Figure 3.15. (a) Average Ip(V) curves of multi-channels HT P-TFETs with Ls = 0.5 pm and different fin
widths and number of channels: orange (15 channels, over 50 dies), green (30 channels, over 74 dies), red
(50 channels, over 100 dies) and purple (75 channels, over 100 dies); (b) Average drain current versus gate
voltage overdrive. Vg =-0.9V.

3D TCAD simulations were performed for different widths, while keeping the gate length
constant (Lg = 50 nm) in order to shed light on the trend exhibited by experimental Tunnel
FETs. The geometry of the simulated TFETSs, with narrow widths and shorter gate length,
differs from the fabricated TFETs, because it would be computationally expensive and in
some cases infeasible to simulate devices with the same geometries as in the measured
devices. Figure 3.16 clearly shows that the BTBT generation in a trigate TFET architecture
with Wy, =40 nm, is concentrated in the source junction at the top sidewall corners.
Moreover, the contribution to the tunnel current of the rest of the top surface (W) is
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3.6. Impact of fin width on TFET performance

negligible for fin widths over 40 nm. This could explain why the progressive reduction of the
width on fabricated TFETs does not show a decrease of the tunneling current. In addition, as
explained in Chapter 2, TFETs based on nanowire structures with very narrow diameters
present an increase of the performance and steep subthreshold slope attributed to a better
electrostatic control by the front gate voltage. Now, we present the 2D mapping of the BTBT
for widths narrower than 40 nm.
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Figure 3.16. Longitudinal cut of a 3D simulated TFET with T = 11 nm, Wy, = 40 nm and L =50 nm
showing that the electron BTBT generation is located at the corners of the sidewalls. V; = 2.0 V and Vs =
09V.

Figure 3.17a shows the electron BTBT generation for a TFET with Wy, = 18 nm. BTBT
is still almost only located at the corners, but due to the reduction of the width and thus, the
surface, the electrostatic control via the gate voltage has improved at the channel top surface.
This becomes even clearer for a Wy, = 10 nm (Figure 3.17b) where the W,,, significantly
starts to contribute to the tunneling current. Besides, BTBT is present not only at the top-
channel but also at the mid-channel region.
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Figure 3.17. Longitudinal cut of 3D simulated Tunnel FET devices with 7T5; = 11 nm and L = 50 nm for:
(a) Wg, =18 nm and (b) Wg;, =10 nm. Vg =2.0 Vand V, =09 V.

Finally, for Wy, = 5 nm we can observe in Figure 3.18 that BTBT generation occurs in
the whole silicon cross section. The major contributions are still found at the corners and the
top surface, but there is also a secondary contribution at the bottom of the channel and the
sidewalls. Therefore, the tunneling generation area is higher for Wy,= 5nm than for wider
widths, because the gate terminal has a more efficient electrostatic control over the body
region. These results could explain why in experimental measurements a higher drive current
is obtained for extremely narrow fins. On the other hand, the additional contribution of the
volume in nano-scaled devices reminds us the concept of “volume inversion” in MOSFETSs
[38].
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Figure 3.18. Longitudinal cut of 3D simulated TFET with Tg; = 11 nm, L; = 50 nm, and W, = 5 nm
showing that BTBT generation occurs across the whole silicon body thickness.V;=2.0 Vand V, =09 V.
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The simulated I-V characteristics in Figure 3.19a show the very same behavior as the
experimental data. Tunnel FETs with Wy, = 5 nm show a higher drain current than wider
devices. Moreover, the drain current versus the gate voltage overdrive (at 0.01 nA) in Figure
3.19b shows the matching of the 4 curves, which confirms that the total current is independent
of fin width. These results are important because, they indicate that multi-finger structures
with narrow widths deliver a higher tunneling current and steeper subthreshold slope than a

wider device with same W,z Besides, the output current will be given by the total number of
fabricated fins.
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Figure 3.19. (a)Transfer characteristic of 3D simulated TFETs with L; = 50 nm and different fin widths
(40 nm, 18 nm, 10 nm and 5 nm); (b) Drain current versus gate voltage overdrive.
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3.7. Conclusions

3D sequential integration emerges as an alternative to 2D planar scaling based on the
formation of vertically stacked tiers with a very high contact density and enabling the co-
integration of heterogeneous architectures to implement circuits with higher functionality.
The thermal budget of the top tier is limited to low temperatures (for dopant activation, gate
oxide stabilization, epitaxy and spacer deposition) to avoid the degradation of the transistors
and metallic lines in the already fabricated bottom layers.

In this chapter, we have analyzed the electrical characteristics of TFETs made using a
Low-Temperature process (600°C) designed for 3D sequential integration. In order to achieve
complete dopant activation at LT it is necessary to use a Germanium Pre-Amorphization
Implant (PAI) and SPER. Dual Ip-Vpg characterization confirms that wide devices studied for
both HT and LT present a TFET behavior. On the other hand, narrow devices present a
Schottky behavior in Low-Temperature devices, while High-Temperature devices have
characteristics comprised between those of a TFET (for high gate voltage) and a Schottky
FET (for low gate voltage). Systematic measurements show a well-defined behavior, from
which we can conclude that the decrease of processing temperature (600°C) does not alter the
electrical characteristics of LT TFETs. These characteristics remain comparable to those of
reference devices fabricated at 1050°C, verifying that in both cases the process fabrication is
well controlled. LT TFETs exhibit a higher on-current and off-current than the HT TFETs,
most likely due to the presence of defects not annealed out at low-temperature. Also, LT and
HT devices have different threshold voltages, which can be explained by a difference in
junction position. The subthreshold swing is larger than 60 mV/dec, because the process flow
fabrication is CMOS compatible and the junction engineering is not optimized for tun