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Abstract

We propose three innovative SOI Tunnel FET architectures to solve the recurrent issue of lowyl
and degraded subthreshold slope measured on TFETs. These are evaluated and compared with a
standard TFET structure (with lateral tunneling) using the Sentaurus TCAD tool. Extending the source
(anode) at the bottom of the body region generates vertical band-to-band tunneling. Moreover, reducing
the vertical distance between the extension and the gate oxidegjlyields a very steep slope and highep|
compared to a device with only lateral tunneling, but only for gate lengths longer than 100 nm. Using an
ultrahigh boron dopant concentration (1G* cm?) thin layer at the bottom for extremely small body
thickness (Ts; < 7 nm), increasesdy even for small gate lengths (5 < 100 nm). The implementation of an
embedded tip in the source enhances the maximum electric field at the source/channel junction, but the
impact on the performance is limited because the tunneling area is not increased. Therefore, this
architecture provides a performance similar to a standard TFET. TCAD simulations using SiGe with
different germanium concentrations (30% and 50%) and pure germanium, instead of silicon, show an
increase of the interband tunneling current when using an ultrahigh dopant concentration thin boron
layer for small gate lengths (lg < 50 nm). The reduction of the tunneling current using a relatively thick
channel (11 nm — 7 nm) can be compensated by using a higher germanium concentration to reduce the
energy bandgap. However, this will increase the density of defects causing a TAT tunneling instead of

interband tunneling, jeopardizing the possibility of achieving a subthreshold swing below 60 mV/dec.
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1. Introduction

During the last decade state-of-the-art microprseeshave experienced a change of paradigm wigeces
to the design rules. Currently, delivering the leigthperformance possible is longer always the negacern,
and one often requires a computation efficiencycWwhineans the maximum performance at the lowesilpess
power consumption. This is consequence of the imdlseeds for low power consumption in battery@ied
handheld devices. The most effective path for destng of power consumption in integrated circugsthe
reduction of bias supply to minimize the switchiagergy (~C\p?) [1], while maintaining a very low off-
current to avoid the static power consumption degtian (~brVpp). However, lowering ¥p without
decreasing the threshold voltager{Vwill severely degrade the operating frequencyMpp-Vr) 9. In CMOS
technology, geometric scaling still provides a leighberformance, lower power consumption and a lovest
per transistor. However, in the recent yearsy ¥caling has become quite difficult because thg Mduction
severely increases leakage current [2] such thmdlgwoltage scaling below 0.8 V has become veffycdilt [3].
Low subthreshold swing (SS) values, log¢d current and highoh/lorr ratio are crucial for ultra-low power
applications (p < 0.4 V) [4]. Unfortunately, in CMOS technology $8nnot be reduced below 60 mV/dec at
room temperature (300 K) because it is limitedH®y thermionic emission of carriers from sourcertrdwhich
contains a (kT/q) term and, as a resutrlincreases if low threshold voltages are used Bglcause of this
fundamental limit of MOSFETs the need for devehgpnew concepts such as steep slope devices sas ami
the recent years [6].

Standard tunnel FETs (TFETS) are p-i-n gated diod§s[9] based on a different carrier injection
mechanism than CMOS devices. TFETSs rely on bartthtad tunneling (BTBT) [10], [11] enabling very low
off-current and have the theoretical capabilityachieving a SS lower than 60 mV/dec (at 300K) [T2jese
characteristics make the TFET a promising candiftataltra-low power applications. The current iTBET is
determined by the tunneling probability given bg tWentzel-Kramers-Brillouin (WKB) approximation [[L3n
theory, this probability can reach values closartity if a narrow tunneling length, a small carrédfective mass
and a small energy bandgap are used [14], [15pré&ttice it has been proven extraordinarily difficto
simultaneously achieve a steep slope and a higleurrent, regardless of the materials [16]-[21¢h&ectures
[22]-[24] or specific fabrication steps [25]-[27#hployed to increase the tunneling probability [28]the best
cases, a SS below 60 mV/dec has only been obt&mednarrow range of current values in all-silicbunnel
FETs [29], [30], but with very modest current drivitne benchmarking of novel CMOS devices basedhange

switching (TFETs, IMOS, NEMS, Negative capacitatde€T or 2D material FET) [31], show that tunneling



devices have lower switching energy than high-petémce CMOS, although the delay is larger. In doldlit
TFETs exhibit a standby power ranging between nmméling electronic and spintronic devices. Thesdyses
indicate that the Tunnel FET can be considered al g@ndidate to CMOS replacement for ultra-low powe

applications.
1.1. Standard Tunnel FET: lateral tunneling

The TFET is a reverse-biased gated PIN diode (Eiga). The systematic measurements carried ouwtrin 0
fabricated TFETs have shown a small drain currém:(0* pA/um) and a degraded SS of ~160 mV/dec over 3
decades of current [32]. The simulation of a pgated diode with the same geometric dimensions dbat
measured TFETs (Figure 1a), shows that the BTBReiggion is located at the source/channel junctielov
the front gate (Figure 1b) and that it is independsf the gate length, which explains why stand@FETs

exhibit such a low tunneling current.
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Figure 1. (a) Standard reference N-TFET structure snulated with TCAD Sypnosys. (b) Magnified view of
the BTBT generation region indicating that in a latral TFET (Lg = 500 nm and & = 11 nm), the
tunneling occurs in the source/channel junction belw the front gate with Vg =2.4 Vand \, = 0.9 V.

In order to increase the tunneling current it isessary to enlarge the generation area where fagnel
takes place. New disruptive approaches on TFEThitaotures such as vertical nanowires using IlI-V
compound materials have been recently fabricat8f\f®h promising results forgh current and SS below 60
mV/dec. Nevertheless, these types of solutionsdbasenew BTBT materials and architectures are ehglhg

because transferring them onto a silicon platfagmat straightforward [20].

2. Proposed TFET architectures

Here simulations have been used to assess theaparfoe of innovative planar TFET architectures with
different source junction architectures designedintrease the tunneling generation area. The airtois
determine which solution provides best performagitdended-Source TFET, Pure Boron TFET or Sharp Tip

TFET), while staying compatible with a silicon gaim and the enabling co-integration with CMOS



technology. We have performed 2D TCAD simulatiofisilicon Tunnel FETs using the Nonlocal Path Bamd-
Band model of the Sypnosys tool with default tuimgelparameters and coupled to classical Drift-DGiffun
equation with constant mobility [34]. The standafeET from Figure la serves as a reference to coemiber
results of the proposed architectures. The parametammon to all devices are: gate lengthftom 500 nm
down to 15 nm, gox = 145 nm, EOT = 1.18 nm, intrinsic body lengtly E 20 nm near the drain region to
suppress ambipolar effects [35], a gate work famo®gy. = 4.0 eV and a dopant concentration in source and
drain of Ny = Ny = 10° cm®. Since the simulations performed in this work airaed at evaluating the relative
performance of proof-of-concept TFET architectuessl explore first-order impact of device structune
tunneling characteristics, quantum effects suckulband formation and variation of bandgap enengtin-
film devices have been neglected. Because suctigfiee known to arise in silicon films thinnerrifenm, they
should be included in further simulations of uliatdevices. The possible tunneling through thitegaides
has been neglected as well since the EOT of 1.1&ammin practice be achieved by using a high-kedieic

significantly thicker than the EOT.

2.1.Extended-Source TFET

The extension of the source doping into the chamegion is an interesting solution to increase the
tunneling area. When the source is extended (Figayeand an inversion layer is created at the aflatop (in
on-state), an effective vertical p-i-n structurdommed in the whole gate region. This is confirngdthe BTBT
generation mapping shown in Figure 2b, where twméling components can be seen. One is locateldeat t
source/channel junction (the lateral tunneling congmt), and the other one is located along thensida of the
source at the bottom body {lN= N,). The latter component significantly increases Bi&8T generation area
and thus the drain current. As a result, the Ex@drflource TFET (ES-TFET) presents a higher tungenea

and current than the standard TFET.
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Figure 2. (a) Schematic of an Extended-Source N-THEarchitecture (Ts; =11 nm, L; =3 nm and Lg = 500
nm) with tunneling parallel to the gate electric feld. (b) BTBT generation showing the presence of kteal
BTBT above the extension of the source into the chael region (with Vg =2.4 V and \(, = 0.9 V).



The idea of source extension has already been ds#trated in different studies. For example, Y. Muoeit
al., [36] have fabricated a Tunnel FINFET with anathin epitaxial channel on silicon CMOS platfornelFZ
Jilich laboratory has implemented some boosteptaimar TFET architectures such as a counter-dopekigp in
the source junction to enable vertical BTBT aligmégth the gate electric field in an enlarged ataaaddition, a
selective and self-aligned silicidation process wasd to enhance the on current [37]. In both calses
objective was focused on making vertical tunnetimgmain contribution to the drain current.

Our ES-TFET architecture features two main diffeemnwith respect to the previous fabricated Tunnel
FETs. Firstly, the source junction extends in th@armel region underneath the whole front gate,ether
enlarging the tunneling area. Moreover, the impletagon of the intrinsic region (L) minimizes the non-
desired BTBT in the drain region and other possitamsitic effects. Secondly, the tunneling camioelulated
by changing the thickness of the silicon film, whidetermines the contribution of the vertical BTBmd
modifies the vertical distance between the sourtension and the gate oxide (given by the resttitt@neling
length Ly). A small L distance means a thin channel region, which ta#@slinto a more efficient band bending
by the gate terminal and a smaller tunneling leragtti thus, a larger drain current. On the contranarge Iy

implies a higher tunneling length, and therefoteveer tunneling current.
2.2. Pure Boron TFET

The Pure Boron TFET (PB-TFET) architecture appeearsan evolution of the Extended-Source TFET
because it fulfills the requirement of obtainin@& lower than 60 mV/dec (theoretically) when ustrggemely
thin channels (4 < 10 nm). Note that, the fabrication of an ES-TREih a heavily doped extended region that
is only a few nanometers thick is not feasible gsain implantation process because the generatedtdefill
completely degrade the steepness in the subthcesbgibn.

The PB-TFET is schematically shown in Figure 3.eLthe ES-TFET it features an extension of the sourc
into the channel region, this time by means of llrahigh dopant concentration in a thin bottom &xial layer.
We have performed the simulations with a heavilpetb 1 nm thick pure boron layer for different dapin
concentration (N = 10°° cm® and 16" cm®) locatedat the bottom. This configuration enables the siamgous
presence of electrons and holes in the channékivery thin SOI layer in order to increase thecarrent. This
heavily doped layer avoids the supercoupling effé8f, [39] which prevents the formation of electsoand
holes bilayers in ultrathin silicon films < 11 nm), because a high concentration of holestigeved by actual
doping and not by field effect. Although this studyased only on TCAD simulations, pure boron tedbgy is

already demonstrated, so it would be possible ltddate Tunnel FETs with a similar architecturer e sake



of simplicity, the simulations have neglected tlifeets of high doping concentrations on the disttitn of
density of states in the semiconductor. Furthetistushould, however, include the effects of bapdgarowing
and the formation of band tails inside the bandgdpch might affect the tunnel characteristics dedrade the

subthreshold slope.

Figure 3. Schematic architecture of a Pure Boron TET (PB-TFET) in N-mode configuration. An ultra-
heavily doped 1 nm boron layer is implemented at # bottom body to generate an enhanced vertical
BTBT.

L.K. Nanveret al., have demonstrated the feasibility to fabricateeF&oron thin-film layers deposited by
Chemical Vapor Deposition (CVD), which present #&ieal and processing properties that are veryrésting
for device integration [40]. In particular, it important to highlight that this fabrication techmgy allows for
the formation of shallow junctions iri4m diodes [40]

An important property of this technology is thae thoron layer can act as an abundant source ohboro
dopants for ultra-shallow junctions. Besides, thiggh doping concentration is achieved because efrtterface
conditions between the boron layer and the crystabilicon and not due to the doping of the builican.
When the monolayer of acceptor states is createldfiled with electrons at the interface, a fixedgative
charge is created [41]. This negative charge astratwout 5- 11 cmi? surface density of holes, which behave just
like a p-doped layer with respect to the hole itiggt from the p-region into the n-layer and elentinjection
from the n-layer into the p-layer. The boron doptegcentrations, confirms that is possible to betdquivalent
of about 16° cm® in a couple of nanometers thick layer [42]. Aftee a-Boron layer removal there is a boron
concentration left of 18 cm?, which is equivalent to a boron peak concentragiaund 16" cm?.

For Pure Boron TFET architecture it is most inténgsdeposit the boron layer at 400°C, becauseetiser
no boron impurity doping of the bulk silicon (atOPC the boron can diffuse a few nanometers intobihi&
silicon, doping it to values of 2-1cm® [42]). Moreover, activating the boron with highemperature steps is
counterproductive because the annealing will finalestroy the attractive interface properties amal thulk
doping is limited by the solid solubility, so it Wihot be possible to reach the required high dgdevels.

Therefore, the possibilities for fabricating PB-TFEwill depend on the thermal budget of post-bateposition



steps and the possibilities for performing the ditn. Finally, there will be also boundary coafits not

described here in order to achieve a successfuaisitém.
2.3.Sharp Tip TFET

The last innovating architecture is the Sharp THET (Tip-TFET), which is schematically represenied
Figure 4. The idea behind this device configuratfoto implement a sharp tip at the source junctioanhance
the electric field. BTBT generation rate and tuimgecurrent, given by Kane’s equation [43], is poational to

the electric field. Therefore, if the electric figb increased the drive current should be enhaasedkll.

Figure 4. Schematic architecture of a Sharp Tip TFE in N-mode configuration used to enhance the
electric field at the source junction.

The purpose of this architecture is to determirepgbssibility of taking advantage of an embeddéskch
source and drain process with a sharp source amdip. Intel's trigate CMOS transistors were thestfto
demonstrate these embedded structures for the 4tectmology node with high-k metal gate dielecfdd].
This process innovation was initially developed $trained PMOS transistors to increase the holeilityoand
thus performance. Here, our aim is to increasestbetric field at the source junction and therefmirease the
tunneling current. 32 nm logic technology also uiels these embedded SiGe regions, but they arer ¢tothe
channel region to increase the channel strain [45.important to highlight that two technologiigarameters
will drive the enhancement of the tunneling currdinstly, the proximity of the embedded tip souiad drain

areas to the channel region and secondly, theiposif the peak with respect to the front gate.

3. Extended-Source TFET architecture
3.1.Impact of the restricted tunneling length (L) for a given Ts;

Figure 5 shows they(Vg) curves for different | distances ranging fromql= 3 nm to L, = 10 nm, with a
silicon body thickness of 11 nm. The ES-TFET exBili higher on-current and a steeper slope forl srdical

distances between the extension and the gate ¢kjde3 nm, blue line). As long as the distance of tthe

region is larger, the front gate terminal startdoe the electrostatic control of the vertical BT Bn addition,



the drain current begins to decrease due to thease of the tunneling distance, causing a seegrmdation of
the slope in the subthreshold region. Good perfamaas maintained until L= 7 nm (purple line), but for larger
undoped regions the tunneling distance becomefatge. A larger L creates a lower electric field and thus a
small band bending. Figure 5 also confirms thatriBUfrETs require a very thin body and explains g not

possible to obtain an SS below 60 mV/dec for chhtinekness in the range of 10-11 nm for a standdf&T

[46].
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Figure 5. Ip(Vgs) curves of ES-TFET for a 11 nm silicon body thickess and different extension depths
(L) with respect to the gate.

One of the drawbacks of ES-TFET is related withdbgradation of the threshold voltage, as longast
extension of the source occupies the majority ef ¢hannel region. In this case the channel is kmwer
potential than in a fully undoped channel regianiftea standard TFET), so it will be necessarypoyaa higher
front gate voltage to create an inversion layghatchannel top. Even though we are using a gatk fuaction
of 4.0 eV instead of 4.61 eV (which provides arr&slectrostatic control of 0.61 V and thus a réidacof the
threshold voltage), the threshold voltage is highan 0.8 V for L, = 3 nm, which is not suitable for ultra-low
power applications (M < 0.4 V). Using simulation it is possible to lowtdre value of the work function
parameter to reduce the threshold voltage. Howedwera real process fabrication, gate materialdwibrk
functions lower than 4.0 eV such as potassium €/, calcium (2.87 eV) or even cesium (1.95 eV) are
unpractical in N-TFET devices. On the other hawod,H-TFETSs it is possible to find useful gate netalth a
high work function, such as platinum (5.63 eV) taateast in theory can work with a lower bias dyppor L
=5 nm there is a trade-off between a low thresholithge (~ 0.5 V) and a high on-current, althosgightly

lower compared to L= 3 nm, without changing the gate work function.



3.2.Impact of Tg; for a given restricted tunneling length (L)

Previously we have obtained the best performanc&g§o=11nm and the smallest possible extension depth
(L = 3nm). Figure 6a shows thg(Vg) curves at a given, L= 3 nm and different silicon thicknesses. Thinning
down the E; from 11 nm to 4 nm, we observe that there is gm@ssive enhancement of the on-current and the
best case occurs forgT= 6 nm. This is associated with a better elecatastontrol and a more efficient band
bending for a narrow body thickness. However, fgr ¥ 4 nm a degradation of the on-current and the
subthreshold slope can be noticed. This is mostylidue to the fact that each time that the bodigkttess is

reduced, as Lis fixed to 3 nm, the extended source is thinaad therefore more resistive minimizing the on-

current.
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Figure 6. Ip(Vgs) curves of ES-TFET with Lg = 500 nm and different silicon body thickness foa given
extension depth: (a) Iy =3 nm and (b) L; =5 nm.

Figure 6b shows thep(Vg) curves in this case for an extension depth ofnd (trade-off case from
Figure 5). The best on-current is obtained forligai body thickness of 7 nm, while fors;T= 6 nm a clear
degradation of the on-current and subthresholdesispbserved. In both cases the degradation owthen the

thickness of the extended source is only 1 nm.
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Figure 7. On-current versus extension depth (L) for different silicon thickness of ES-TFET architecture
with L g = 500 nm.



For a better understanding of the ES-TFET operaggarding the tunneling length (L. Figure 7 shows
the on-current at ¥s= 2.4 V obtained for different,Lvalues with the variation of the silicon body #ness. A
general trend is observed in all the cases: wher Hecreased the on-current increases, owinghmeening of
the tunneling length. Regardless of the simulatéckbess the highest on-current is always obtafioedhe
smallest vertical distance possible between thensitn and the gate oxide(E 3 nm). The most optimized
ES-TFET architecture is for a film thickness ofré,nwhile for Ts; = 5 nm and 4 nm the on-current is degraded.
Other simulation results (not shown in Figure 7ygest that an extremely thin body thickness @ 6 nm)
requires an L lower than 3 nm to enhance the tunneling curidat.ertheless, the fabrication of this extended-
source architecture with enough quality and acguiacot feasible nowadays by means of an implamat
process.

3.3.Comparison of Extended-Source TFET with Standard TIET

The comparison of the ES-TFET architecture witHLamm body thickness and an extension depth B
nm with respect to the standard Tunnel FET (Fi@ak clearly establishes how the ES-TFET outpersotine
standard architecture for a long gate length £€L500 nm). The higher on-current is due to the fhat the
vertical BTBT occurs in the whole source extensiamile in the standard TFET it is localized at the
source/channel junction. The steeper subthreshoje: $s a consequence of the restricted tunnelath fength
(3 nm) owing to the extended source in the charegbn, which significantly improves the electrdist@ontrol
compared to the standard TFET. The SS extractioidgure 8b confirm that ES-TFET achieves SS be6w
mV/dec over 4-5 decades of current. For comparisothe standard TFET the SS is degraded (~ 75 ety/d

even at extremely low values of drain current.
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Figure 8. Comparison of: a) h(Vg) curves and b) figure of merit SS() for standard and ES-TFET.



The next section presents a thorough study to m@rterthe impact of the gate length on the totah#ling

current drive.
3.4.Impact of gate length on drive current

Another confirmation of the independence of thereniron gate length in a standard TFET is provided
Figure 9. In an ES-TFET, however, the magnitudhefon-current depends on the length of the exdarsi the
source into the body. Therefore, if the gate lengtteduced (k < 100 nm) the current will be degraded because
the tunneling area will be reduced (as shown iufe@d). A detailed analysis of the simulation resuidicates
that for long channel distances we obtain an onectithat outperforms the standard TFET by a faot@x in
the best case wherg E 3 nm. If the extension depth s increased the tunneling current decreases;utgnt
drive remains high until L= 5 nm. For gate lengths below 50 nm the benéfthe vertical BTBT disappears

because of the reduction of the BTBT generationa are the standard TFET shows better on-currenesal
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Figure 9. Ion(Lg) for standard and ES-TFET architecture. The standad TFET achieves better by for
small gate lengths (< 100 nm).

The reduction of body thickness improves the etstatic control for the ES-TFET architecture and
enhances the on-current. For long channel deviddgsTw; = 8 nm (Figure 10a), the on-current outperfornes th
standard TFET by a factor of 7x and the benefitgesfical BTBT are extended foizldown to 30 nm. For § =

6 nm (Figure 10b) vertical BTBT dominates evendriremely short gate lengthsgk 30 nm).
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Figure 10. lon(Lg) for standard and ES-TFET with different thickness (a) Ts; = 8 nm: the benefits of
vertical BTBT are extended down to 30 nm, (b) § = 6 nm: vertical BTBT dominates even for very shar
gate lengths.

4. Pure Boron TFET architecture

4.1.Impact of silicon body thickness

The Pure Boron TFET (PB-TFET) with a doping of%ém? in the thin bottom layer (Figure 11) shows a
complex trend when the silicon body thickness isrtad down from 11 nm to 4 nm. At first there is a
progressive sharpening of the slope when reducindoivn to 7 nm, and from that point on, further thirg the
SOl layer degrades the subthreshold slope. An exdmaant of the drain current for medium gate vokagm to
1.0 V) is noticeable for intermediate values gf dhd a significant degradation is observed for vhiy values
(from 6 nm to 4 nm). However, at high gate voltages tunneling current converges to a single lolwea
regardless of the body thickness. These non-comelgsmulation results are not in line with the gpects of a
steeper slope for TFETs with a body thinner thamid They suggest that a higher doping concentratighe

thin bottom layer is required in order to achielve éxpected results when using extremely small bloidiness.
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Figure 11. Ir(Vg) curves of PB-TFET architecture with variable bodythickness and a Pure Boron doping
of 10°° cm™® in the thin bottom layer.



Repeating the simulations with an ultrahigh dopingcentration of 18 cm?® in the thin bottom layer, the
PB-TFET shows an improved electrostatic controlrfarrow channels @ < 7 nm). There is an outstanding
performance for § = 4 nm (solid blue line) in Figure 12 with a 10efdoy increase with respect to the ES-
TFET with L; = 3 nm. When increasing the body thickness ibissible to maintain good transfer characteristics
until Ts; = 6 nm is reached. For thicker channels the perdince begins to be significantly degraded dueéo th
larger tunneling distance, which results in a réiducof the interband tunneling probability (lesSHBT current)

and a less efficient electrostatic control by tlumf gate with the degradation of the subthresktade.
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Figure 12. Ir(Vg) curves of PB-TFET architecture for long gate dewies (500 nm), different silicon
thickness, and a ultrahigh doping concentration of.0?* cm®in the thin bottom layer.

Like the ES-TFET, the PB-TFETs also shows an irswéna \Vfy when body thickness is decreased owing
to the ultrahigh P-type doping concentration atlibfom of the channel region. Consequently, itésessary to
apply a higher front gate voltage to create anrisioe layer at the top of the channel. The shifthreshold

voltageAV1y/ATs; can reach 0.2 V per nanometer.
4.2.Comparison of Pure Boron TFET with Standard TFET

The implementation of a ultrahigh doping conceidrabf 1¢* cm® in thin bottom layer of the PB-TFET
improves by by more than two orders of magnitude comparedhéostandard TFET architecture (Figure 13a).
However, the main challenge of the PB-TFET is tegrddation of V4, compromising its use for ultra-low
power applications. SS reaches values below 60 etvéver 4 decades of current (Figure 13b), whitettie
standard TFET, SS is higher than 60 mV/dec inhal durrent ranges. The problem is to determine tamvis
possible to extend this gain in performance in cieviwith very short gate length, where the tungedirea for

the vertical BTBT is constricted.
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Figure 13. (a) b(V¢) curves of PB-TFET and standard TFET architectureswith long channel (500 nm)

and ultrathin film (T ;= 4 nm). (b) Subthreshold swing versus drain curnet for standard and PB-TFETS.
4.3.Impact of gate length on drive current

Figure 14a confirms that a heavily doped borondagenbined with an extremely thin body (4 nm, 5 nm
and 6 nm) significantly enhances the vertical BTiBiTlong gate lengths with respect to the stand&HT with
Tsi = 4 nm. The benefits of Pure boron technologyrasgimized for extremely narrow channels;(¥ 4 nm).
When thickness is increased there is a degradatiperformance because the ultrahigh doped layérriber
away from the gate and the band bending is notedbaentrolled. The problem arises when devicesraaele
with shorter gates and the tunneling surface indhennel region is shrunk. Thus, when the gatetlerng
decreased, the tunneling current decreases agmiglire 14a). However, unlike the ES-TFET, the FEET
has better performance than the reference dewe®, fer short gate lengths{l< 100 nm). This indicates that it
could be a feasible option to obtain a steep sipka highdy simultaneously in a future fabrication process.
This demands a very small body thickness and fraqarE 14a one can see that fay thicker than 6 nm it will

not be possible to extend the gain of the verBEBT for extremely small gate lengths.
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Figure 14. (a) by (Lg) for standard and PB-TFET architectures for different Tg; values. (b) SS versus
drain current for standard TFET (I p range: 10° — 10° pA/um) and PB-TFETs (b range: 10° — 107
HA/Lm).



The SS extractions as a function of the gate le(fgifure 14b) show in the PB-TFET architecture a SS
degradation with the reduction o LFor PB-TFET with E = 4 nm even at short gate lengthg €100 nm) the
SS is beyond 60 mV/dec, but limited to 100 mV/dis (s = 15 nm). However, when increasing the body
thickness (5 nm and 6 nm) the electrostatic congdbwer and causes a severe increase of the ibatst
medium gate lengths. In the standard TFET wigh=T4 nm, the SS is completely degraded and alrhessame
values are obtained (~ 215 mV/dec) regardless@fttie length and even with a lowgrrange (from 10 to
103 uA/um) in comparison to PB-TFET (from 1@o 10? pA/um). When lateral tunneling is involved decent

SS values are only obtained for very low rangeenur(< 106° pA/pm).

5. Sharp Tip TFET architecture
5.1.Impact of the silicon body thickness

The comparison of the Sharp Tip TFET architect@ip-TFET) for different body thicknesses with respe
to the standard TFET (Tsi = 4 nm) in Figure 15aifies that the design of a sharp tip in the soyueetion has
no significant impact indy (which is only slightly higher than for the standld FET). The SS follows the same
trend in both architectures and it is only bettar Tip-TFET for a very low range of drain curreRigure 15b).
Besides, in this architecture the location of tperégarding to the front gate and the extensi¢o the channel
region are main parameters. Thus, for a given libigkness the right combination of these parameterst be
achieved to maximize,}. However, for this TCAD study and for the sakeswfiplicity we have used the same

tip parameters regardless of the thickness of diuly begion.
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Figure 15. (a) b(Vg) curves of Tip-TFET for different body thickness @mpared with standard TFET
(Tsi =4 nm). (b) SS versus drain current for Tip-TFETand standard TFET (Tg; = 4 nm).

The 2D mapping of the electric field (Figure 16ajlahe BTBT generation rate (Figure 16b) show that
tip causes a shift in the position of the maximuecic field. The BTBT rate is improved only whetlge

overlap of this field and the'Pegion takes place. It was thought that this enbdrelectric field would break a



great number of covalent bonds on the rBgion, enabling more electrons to participatettia interband
tunneling process from the valence band of theeBion to the conduction band of the channel regitowever,
results from Figure 15a show that the benefit & thp junction is marginal. Despite the fact thia¢ electric
field is increased the tunneling area is not magajfexplaining why the current is not significanithcreased as

it is for the ES-TFET and PB-TFET architectures.
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Figure 16. 2D mapping of Sharp Tip-TFET with Ts; = 11 nm and a gate length of 500 nm: (a) Maximum
electric field and (b) BTBT generation. In both cass applied polarization is \4 = 2.4 V and \, = 0.9 V.

5.2.Impact of gate length on drive current

From the 2D mapping of the BTBT generation in Feglib it is confirmed that the Tip-TFET architeetur
produces only lateral BTBT and not vertical BTBhig'is definitely verified in Figure 17, which itrates ¢y
for different gate lengths. The Tip-TFET presefis same behavior as the standard TFET, indicatiagthe
current is independent on gate length. For a pdaticoody thickness = 4 nm), the Tip-TFET shows a
slightly increase ofdy in comparison to the standard TFET due to thegmas of the embedded tip source.
However, for both architectures the tunneling cuirie considerably smaller than in the ES-TFET dredPB-
TFET for long gate devices > 100 nm) and in the same range for short gateedeyls < 100 nm). The Tip-
TFET exhibits an increase of for larger channel thicknesses, which is relatétth the electric field peak
position (in all the cases 2 nm below the froneyal his set up seems to maximigg for a body thickness of

11 nm, but for ;= 4 nm it is necessary to locate the peak clastrd gate, otherwisgy is reduced.
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Figure 17. lon(Lg) for Sharp Tip-TFET with different T s; and standard TFET with Tg; = 4 nm.

6.SiGe TFETs

The PB-TFET exhibits the highest on-current amdhtha simulated architectures. So far the TCADdgtu
was carried out for silicon homojunction structurksthis section additional simulations have beam using
SiGe material with different germanium concentnasig30%, 50% and 100%) to evaluate possible pedncem
improvements. TFET TCAD simulations with materiather than silicon are particularly challenging dese
the effective masses for the valence and conduttiords modify the values of the parameters thatigehe
BTBT generation rate in the simulator. These neluesmhave been obtained from literature for unse@iSiGe

(Ge at 30% and 50%) and pure Ge [47]. For both madgethe tunneling direction is [110].
6.1.Pure Boron and Standard TFET

Results in Figure 18 show that using &e, ; instead of silicon significantly increases theidraurrent in
both Pure Boron and standard TFET architecturepatticular for k = 4 nm, the performance of PB-TFET is
higher and the subthreshold slope is steeper. &tionk are consistent with experimental data ajreddained
for SiGe TFETSs [7]. Due to the relatively wide bgag, silicon is not the best material to incre&gettinneling

probability even when architecture boosters arertakto account.
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Figure 18. Ir(Vg) curves of PB-TFET and standard TFET for Si and Sj/Geys (Tsi = 4 nm). The tunneling
current is enhanced for Sj /Gey 3 TFET in both architectures.

Simulations for SisGeys TFETSs (Figure 19a) show a bettgy due to a reduced bandgap in comparison to
Sip./Geys. However, ber is also increased because a lower bandgap indutégher tunneling current in the
channel/drain junction. This implies a smaj/lorr ratio and a degradation of the subthreshold slojsing
pure germanium shows an outstanding increase ofotheurrent (Figure 19b). The germanium PB-TFET
exhibits an increase by one order of magnitudeirfdcarrrent higher than 10 pA/um) and the germanium
standard TFET an improvement of two orders of mag. Unfortunately, the increase of the off-cutrisn
severely pronounced and completely degradesailibtr ratio as shown Figure 19b. Our results reveal ithat
order to enhance the tunneling current it is nexrgs® reduce the energy bandgap in the sourcedehan
junction and in the extended region into the chamiso, to avoid the off-current degradation agkar bandgap
is suitable in the drain region, which could beiaebd with heterojunction architectures. Using mate with a
high forbidden bandgap (like silicon) will keep lawve off-current and a steeper subthreshold slojtiebe
obtained. Currently, it is possible to obtain stadSiGe TFETs with a germanium concentration ¢636a a
well-controlled process fabrication. However, ietlgermanium concentration is increased beyond 386 t
capability of the silicon platform to implement cpaund materials does not provide enough qualityafaige
concentration of defects may affect the SiGe layEnerefore, TAT will increase subthreshold leakagd the

SS cannot be lower than 60 mV/dec.
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Figure 19. Ip(Vg) curves of PB-TFET and standard TFET (Ts; = 4 nm): (a) SisGeys and (b) pure
germanium. Tunneling current is enhanced for a higkr Ge concentration, but the off-current is

degraded.

The SS extractions for standard TFET with differgetmanium concentrations (Figure 20a) exhibititt sh
towards higher drain currents obtaining lower SShwiespect to the silicon case. Moreover, for aepur
germanium standard TFET SS reaches values belam@@ec until |, = 10° uA/um. In PB-TFET architecture
(Figure 20b) there is a shift in the SS for higheain currents when increasing the germanium cdraon.
For low I values (< 18 uA/um) better SS results, below 60 mV/decade,ocltained for lower germanium
concentrations. On the contrary, for highgrvilues (> 13 pA/um) SS is reduced using pure germanium.
However, the range for which SS is lower than 60/de¥ is minimized. As said for thg(Vg) curves in Figure
19b, using in the drain region a material with @ést energy bandgap will enable to reach SS beldwm®/dec

for several decades of current when increasing#nmanium concentration in source and channel nsgio
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Figure 20. Subthreshold swing versus drain currenturves with different germanium concentrations for
long gate devices (500 nm) with §= 4 nm: (a) Standard TFET and (b) Pure Boron TFET.

6.2.Impact of gate length and body thickness on drivewrrent
Figure 21 shows that forsT= 4 nm and gate length of 500 nm the silicon PEETFpresents good

performance withdy current (~3.3 pA/um). But as explained before stoort gate lengths the tunneling current



decreases due to the reduction of the extendedesauea. Nevertheless, the excellent electrostatitrol due
to the narrow thickness allows to extend the bénefi vertical BTBT even at short gate lengthg €100 nm).
For the standard architecture using/Sie, ;s material, there is only a small increase in curremthe PB-TET
there is a significantly gain ofj with respect to the silicon variant. This advastégvisible for all considered

gate lengths atg[= 4 nm (Figure 21).
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Figure 21. lon(Lg) for standard and Pure Boron Sy-Geys TFETs with Ts; = 4 nm. Even for short gate
lengths PB Sj/Gey s TFET shows higher on-current than the standard TFH.

Increasing the channel thickness from 4 nm to Gmplies a wider tunneling length for the PB-TFEfda
therefore a reduction of the tunneling current. sibcon PB-TFET the vertical BTBT generation cuntrés still
higher than the lateral tunneling of the standar@&T even for short gate lengths (Figure 22a). Haxewhen
using S -/Ge s material, the Pure Boron architecture starts tmash loss of electrostatic control. For shorter
gate lengths (£ < 50 nm), the standard TFET witho@be, 3 actually shows a higher\. This trend is
accentuated with /= 8 nm (Figure 22b) because the tunneling lengtiba large andol is severely degraded.

In the case of silicon, the vertical BTBT of the-PBET architecture dominates over the standard T&&Y for
long gates, but for short gatess(k 100 nm) the current is degraded in comparisdh lateral tunneling. Using
Siy /G&y 3 Mmaterial does not improvegy enough even atd= 500 nm where the standard TFET presents the same

current as the PB-TFET architecture, simply bec#lusa@evice is too thick.
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TFET shows better performance except for shorter gte lengths (L < 100 nm) compared to the standard
structure. (b) For Ts;= 8 nm Sj/Gey3 PB-TFET is completely degraded for all gate length

6.3.Impact of gate length for different germanium concatrations

In “relatively” thick 8 nm films using isGeys compound we obtain bettegyl currents in PB-TFETSs for

gates longer than 250 nm (Figure 23a). On the dihad, for germanium the tunneling current is gigantly

increased and the vertical component dominates éwemgate lengths of 50 nm (Figure 23b). Due to the

complexity to fabricate $iGe, 5 or pure germanium layers with low density of deéfee explore the benefit of

body thickness, expected to enable higher on-cufoemeduced germanium concentration.

0.7 T T T T
a) loy @V =24V
0.6 TSi =8 nm B
051 Vps=+09V |
-
041 —e—PB Si,,Ge,
0.3l —s— Standard Si, Ge,, |
—o—- PBSi
02lL — o~ Standard Si
o1 ===~ 7
- o =
poleEr =SFZ---o-p---o---
0 100 200 300 400

Gate Length (nm)

1, (1Aum)

16.0

14.0 -

12.0
10.0
8.0
6.0
4.0
2.0
0.0
-2.0

b =

) 1, @V =24V

L T,=8nm J

i Vps=+0.9V ]
—e—PB Ge

B —=— Standard Ge|

i — o PBSi ]
— o— Standard Si

Lo~ ]

OO O = o O - - - o - - - - - - e e - g

0

1 1
200 300
Gate Length (nm)

Figure 23. lon(Lg) for standard and PB-TFET architectures with a body thickness of 8 nm: (a) for a
germanium concentration of 50%; (b) for a germaniumconcentration of 100%.

Thinning down the body from 8 nm to 6 nm resultsaim increase of the tunneling current for both

SipsG& s and pure germanium. Nevertheless, far:8e, 5 it is not possible to extend the prevalence ofiealr

BTBT below a gate length of 50 nm (Figure 24a).the case of the Ge PB-TFET, because of the narrow

bandgap, vertical tunneling dominates even foreawély short gate lengths {L= 30 nm) as shown in

Figure 24b.
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Figure 24. Ion(Lg) for standard and PB-TFET architectures with 6 nmbody thickness: (a) with SjGey s
material; (b) with pure germanium.

The same trend is obtained for a 4 nm body thicknéss remarkable that a reduction in thickneg2 Inm

leads to 2-6 fold increase of the drive currente Tdutstanding electrostatic control is responsitfiehe

dominance of vertical BTBT over the lateral tunnglifor very short gate lengthsdl< 50 nm) when using

Sio.sGey s material (Figure 25a). For germanium, simulatiesufts are even much better (Figure 25b) for &l th

studied gate lengths. These results indicate TR&Ts with architectures based on vertical BTBTuiee an

extremely narrow channel thickness;(¥ 6 nm) and a small bandgap in the source andnehaegions in order

to benefit from increase of the tunneling current.
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7. Conclusions

Three innovative Tunnel FETs architectures areistldnd compared to a standard reference TFETein th
search of a better performance. For the Extendene8ol FET (ES-TFET) the innovation consists in mjting
the distance between the extension and the gate ¢kj). I5(V ) curves show for a “relatively” thick body of
11 nm, a highdy and a stepper SS below 60 mV/dec for small vatdies, (3 nm, 4 nm and 5 nm). A largef L
causes a larger tunneling length agg dlegradation owing to a lower effective electrastabntrol from the
front gate. The ES-TFET shows a better performainae the standard TFET for long and medium gatgtlen
but for Lg smaller than 100 nm the reduction of the tunnedimdace jeopardizes the on-current enhancement.

The implementation of an extremely thin layer o&viy doped boron (18 cm?®), takes advantage of the
Pure Boron technology for small body thicknesg €6 nm) to solve thes) degradation for small gate lengths
(Lg < 100 nm). There is an increase of the verticalBBT™ue to a small tunneling length and better edestatic
control. The body thickness is a key parametetHerPB-TFET performance. In thicker channelg €77 nm)
the effect of the Pure Boron layer is attenuated.

The design of a sharp tip in the source junctiobased on the fabrication of embedded source aaid dr
junctions developed in CMOS technology to improlre strain characteristic and the performance. Hewev
TCAD results show that this architecture does mgnicantly impact the dy and subthreshold slope and the
benefit is marginal. Even though the electric fiedth be increased with this tip configuration, tilneneling area
does not increase which explains why similar penéomce as the standard TFET is obtained.

TCAD simulations based on SiGe compounds and gdmmafor Pure Boron TFET and standard TFET
present an increase of the tunneling current, wdwenpared to silicon. The thinner the body (dowT tp= 4
nm) the higher isdy for PB-TFETS; furthermore the benefits of the iait BTBT are extended for short gate
lengths (lg < 50 nm). If the body thickness is increased (6amB8 nm) a higher concentration of germanium is
required to compensate a larger tunneling lengtiweéver, the complexity of SiGe or Ge device faliiamacan
produce a higher of defect density, and thus TAThaaism can preclude the devices from achievingga S
lower than 60 mV/dec.

From this exhaustive TCAD study we can concludé the most promising architecture for technological
implementation appears to be the Pure Boron TFE®h e smallest possible body thickness and a
heterojunction structure. A reduced bandgap insthérce and the channel regions will enhance theuorent

and a large bandgap in the drain region will keégpnaoff-current and goodh/lorr ratio.
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