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Abstract—The inclusion of quantum effects in the transport with a sufficiently high aspect ratio show similar behavior i

direction plays an important role in the extensive researchof a|| transport regimes when 2DMS-EMC (considering infinite
ultrascaled electronic devices. In this context, it is nessary gn height) and other 3D codes are usgi [4].

to study how these phenomena affect different technologita Furth . d . labil f
architectures in order to conclude which one can be the best urthermore, in order to improve scalability, quantum ef-

candidate to replace standard technology. This work preses fects in the transport direction must be included due to the
the implementation of direct Source-to-Drain Tunneling efect reduced channel length of current and future devices. In
(S/D tunneling) in a Multi-Subband Ensemble Monte Carlo (MS particular, direct Source-to-Drain tunneling (S/D turing)

EMC) simulator showing its influence in different structures such ; P ; ot
as FDSOI, DGSOI and FinFET devices. The differences in the has been presented as a scaling limiting effect in ballistic

potential profile and the electron distribution in the subbands NoN-équilibrium Green's Function (NEGF) approacties [B]. |
for these architectures modify the number of electrons affeted ~addition, it is expected that the MOSFET operation would be
by this quantum mechanism and, therefore, their short chanel distorted at channel lengths around 3nm [6]. When electrons

behavior. with energy below the injection barrier tunnel, they inaea
Index Terms—direct Source-to-Drain tunneling, Multi—- the OFF current with respect to pure thermionic emission.
Subband Ensemble Monte Carlo, FDSOI, DGSOI, FinFET. Then, these carriers change the shape of the potentialeyrofil
and this in turn reduces again the current, making it closer t
|. INTRODUCTION the classical limit. This effect is of special interest whee

E XTENSIVE research of different technologies and maté)_peration regime is near-threshold because the leakagentur

rials has been devoted in the last years to replace the clireases and the threshold voltadé,) decreases]/].

ventional technology and to extend the end of the Roadmap. InThIS work presents a meticulous comparison among FDSOI,

the simulation framework, there are two main trends to @ssesCo0! ?nd FInFET w_henl S/D t#.nnelmg IS mcludeld by
the potential alternatives: first, novel structures aresitgred M€ans of a MS-EMC simulator. This study is very relevant
to create new transistor architectures [L], [2]; and sectimel to determine '_[he impact of this quantum_effect on these archi
inclusion of new quantum effects in conventional devices Fctures. It will be shown that the addition of multiple gate
nanometric scale is required to understand their perfocmancomb'ne‘j with their orientation has different influence ba t
Different technological architectures are proposed tar-ove> D tunneling and, consequently, on the device charattevis
come the limitations of conventional planar devices. Fully TNe structure of this work is organized as follows. Section
Depleted Silicon-On-Insulator (FDSOI) devices have beea r || 9ives a detailed overview of the simulator developed to
oghized as an alternative to bulk devices. Nonethelessytthe C&rTy out our research. First, introducing the startingnpoi
lization of multiple gates surrounding the channel incesabe of the S'”‘”'?‘“P” framework, and IaFer on, p_rOVIdlng an in-
electrostatic confinement and reduces the short-charfeetef d€Pth description of the S/D tunneling algorithm to explain
(SCEs) [3]. If we focus on double gate devices, their gatdid® transmission probability and the motion of an electron
can be parallel to the standard wafer surface, like the DpubfXPeriencing this effect. Results and discussions areletita
Gate Silicon-On-Insulator (DGSOI); or perpendicularelihe in Section 1ll. Finally, in Section IV, the main conclusioase
FinFET, as depicted in Figur@ 1. It should be highlightedraWn-:
that the FInFET is a 3D structure whereas our Multi-Subband
Ensemble Monte Carlo (MS-EMC) simulator makes use of a [I. SIMULATION SET-UP

2D description. However, it was demonstrated that FmFETSThe fundamentals of the MS-EMC simulator, in which the
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solution. This code has already demonstrated its cagabilit Device Valley M ™My ms
studying a large range of nanodevicess [9]./[10], where scatt
ing mechanisms and quantum effects are taken into account.| FDSOI& DGSOI | A, me my my
Nevertheless, this tool allows a reasonable computatiimal

ici i ; 100)<011> A 2mymy | mytme m
thanks to an efficient parallel implementation. (100)< | mtm 2 t
FDSOI FINnFET Ao me my me
Transport Direction <011> @G Confinement Direction (100) B S i
< 1 nm (01 l)<011> Ay % m mlimtt
3 nm
TABLE |

EFFECTIVE MASSES IN SILICON FOR THEFDSOI, DGSOIAND FINFET
DEVICES HEREIN STUDIED WHEREmN, AND m, ARE THE TRANSPORT AND
CONFINEMENT MASSES RESPECTIVELY AND my IS THE MASS IN THE
DIRECTION NORMAL TO TRANSPORT

10 nm 10 nm 10 nm

DGSOI
Transport Direction <011> Confinement Direction (100)
’ I—— < 1 nm
C\[DE I |-
o T Lo UTBOX of 10nm, Back-Bias (BB) polarization dfgz = 0V,
Ty . - and Back-Plane (BP) work function of 5.17eV have been
FinFET s chosen for the FDSOI device since a higher BP work function
Transport Direction <011> (I‘onﬁrlnemont Direction (011) improves the electrostatic COﬂtI’Ol Of the Channel [12]
10 nm, ’\mitml Um/
10 nm //ﬁ ) )
N\ 10w QV// B. Description of the model
3 - _ _ _
2l Kr-‘,,( = The standard implementation of the free-flight of an elettro
~

in Monte Carlo algorithms establish that its motion finishes

due to the random choice of a scattering event. After each

flight, the new position of the electron is calculated. If

the total energy of an electron is higher than the potential

barrier at this new position (Figufd 2(a)), the electrongjoe

Ls=10nm. 1D Schrddinger equation is solved for each grid tpa@inthe . . .

transport direction and BTE is solved by the MC method in treagport hand, if th_e eIeCtron er_lergy IS loijr than the_ maximum of

plane. the potential barrier (FigurEl 2(a)), it would either rebdun
suffering a backscattering, or traverse the potentialidavia
S/D tunneling.

A. Description of simulated devices The probability of tunneling through the barrier (Figure

The performance of FDSOI, DGSOI and FinFET devicdd(b)) is equivalent to the transmission coefficient: it deti@es
is herein analyzed when S/D tunneling is included in orddf€ fraction of electrons experiencing S/D tunneling at a
to determine its impact on them. The considered confinem&li{en energy lower than the top of the potential barrier. The
direction of these devices on standard wafers changes friffin€ling probability of the electroffy; is calculated using
(100) for both planar FDSOI and DGSOI tol(®) for FinFET, the WKB approximation[[13]:
whereas the transport direction011> is the same for all 9 b
of them, as depicted in Figurel 1. The difference in the Tu:(E) eXp{ﬁ/ \/2m§T(Ei(x)Ex)dx} 1)
confinement direction modifies the electron distributiorthia @
subbands, and, consequently, the electrostatic potgmtéile. wherea and b are the starting and ending points;. is
In addition, the carrier transport effective mass is alsdlified the total energy in the transport plane considering only the
[11]. Tabled summarizes the values of the masses for eambmponent of the kinetic energy in the direction that faces
device wherem, andm_ are the transport and confinementhe potential barriern;, is the transport effective mass of the
masses, respectively, and, is the one in the direction normalelectron; andE;(x) is the energy of the-th subband. This
to transport. The subindex df represents the corresponding@pproximation has already been used to study S/D tunneling
degeneration factor associated to the different silicamdog- in other electronic devices [14].
tion band valleys. Notice that in silicomp; = 0.916m, and Once the tunneling probability is known, a rejection crite-
m; = 0.198mq are the longitudinal and traverse effectiveion is used to determine whether the electron will tunnel or
masses, respectivelﬁ% = 0.326my, % =0.557mg, not. A uniformly distributed random numbey; between 0 and
andm, is the electron-free mass. 1is generated and comparedfig (Figure[2(b)). Ifrg; > Ty,
These devices have been parametrized for gate lengthe electron will turn back with,_(z) = —v_, () suffering
ranging from 5nm to 20nm. The rest of the technological backscattering (Figuid 2(c)). Otherwiserify < Ty, the
parameters remains constant, i.e., channel thickfless3nm, electron will go through the barrier and the particle will be
Equivalent Oxide Thickness (EOT) of the gate oxide 1nm, amdarked to indicate that it experiences S/D tunneling (Fégur
metal gate work function of 4.385eV. A Back-Plane with ag(d)).




0.60 y T T 0.60 T T T stay inside the potential barrier. This instantaneouseling
055} f;c'(g&_l]- (IT) model is unrealistic and non self-consistent becatse i
assumes negligible tunneling time; whereas steady-stdite f
guantum simulations show some charge inside the barrier.
g [ Shemionic e Nevertheless, this IT model has been considered here as a
——S/D Direct Tunnel oash limit of the S/D t_unnelmg. For _thl_s reason, a more reallsn_c
Source Drain “source Drain second assumption called ballistic tunneling (BT) model is
e 5 0 5 w0 "M% o 5 10 usedin this work considering that electrons fly through the
X (nm) X (nm) potential barrier during a certain period of time. This laga
060 @ - v has been employed in several works allowing the possibility
055 rar > Tu(E) ] w<tap)]  Of €lectrons flying into forbidden regionis [15]. For this sed
Bhinetic(2)=0 approach, and assuming that electrons reach the potential
1 barrier perpendicularly to it, they will be regarded as nmayi
according to Newton’s Mechanics in an inverted potential
profile V() — —V (), Figure[2(d).
- This foregoing BT model has been chosen because it mimics
0.391:”"“9_'5 T D”"‘m 0_391:[’““"_-5 T D“‘i“m the motion of an electron in a forbidden region with imagjnar
k. In particular, it is an extension of the non-local band-to-
(© () band tunneling algorithm (BTBT) described in [16]. The main
060 T T T 0.60 T y y advantage of this choice is that, once it has been implerdente
0551 wree oo 1 inthe simulator, it can be extended to our S/D tunnelingesinc
1 both mechanisms rely on the same principles.
] Regarding the motion inside the barrier, the electron is con
sidered as drifted in a conservative field. As a consequéinee,
035|, Tunneling Suband Profie angle, Which determines the.-k, reletion.shi.p, is maintaine_d
oaol50ee .  Drain] £ [Source . _pan| @t the starting poinia before entering inside the potential
10 5 0 5 10 -10 5 0 5 10 barrier.
X((:)m) X((f")m) This classical trajectory is determined as follows [71.][17
First, a hypothetical particle is placed at the startingnpai
Fig. 2. Representation of the tunneling model. If the totérgy of an With zero kinetic energy (Figurgl 2(d)). Then, it accelesate
electron used for tunneling, which corresponds to the tetargy in the according to Newton’s second law of motion, wherés the
fenspor plane coneiiering onl e component of e oy 1 e electric feld (Figur€l2(e)), and without any scatteringia
at this new position, the electron goes from source to drgirthermionic it reaches the ending poibitwith zero kinetic energy (Figure

emission (a). Otherwise, it would either traverse the pkbarrier via S/ID [J(f)) and continues flying with the same dynamics that it

tunneling (b), or rebound from it suffering a backscattgrifc). In order : : :
to choose between these last two phenomena ((b) and (c)),ferrly previously had outside the barrier. .
distributed random numbe; between 0 and 1 is generated and compared to In order to assess the accuracy of the aforementioned

T (t;_)- If 7":dt >thIt, the particle rﬁboundS-_l'fIdE < T, it ugderrlgoes _S/ID approach, the simulation results have been compared te thos
tmelng. For s st scenaro he potntl barneted, he Pl obtained with 2D NEGF simulation of ultrathin DGSOI de-
Newton’s second law of motion (e) until it reaches the endiogt b (f). vices considering ballistic transport [18]. They showedad)
agreement especially for the degradation in the subthtésho
region.
Several assumptions have been made in the aforementionegd
method to improve the calculation df;;. First, the exact
starting and ending points through which the electron @®ss
the barrier are calculated in order to reduce the roundingThis section has been divided into two stages: first, we
errors coming from the discretization. Second, a maximuperform a meticulous study of how the two different assump-
tunneling rejection length is also introducefl,(,..) to avoid tions of the electron motion inside the potential barrien ca
computing a large number of negligible probabilities. Inr ousubstantially modify the device performance and, secored, w
work, L..,.. has been chosen to match the channel lengstudy the influence of S/D tunneling in the three devices unde
dimensions. Third, the comparison betweep andT,;; has consideration: FDSOI, DGSOI and FinFET.
been included after each integration step in order to deerea Figure[3 shows the difference in the subband profile of
the computational effort. the lowest energy subband in a FInFET when IT and BT
Let us now describe the process for the tunneling pa#tie considered in contrast with a simulation without S/D
estimation. The first step is to provide a realistic modeltf@ tunneling. The potential barrier increases its height wiien
motion of the particle. To do so, two assumptions can be maedgctrons fly inside the forbidden region, contrary to what
leading to two different scenarios. The first one estabsishat happens for the IT.
the electron goes directly from the starting point to theiegd  As derived from Equatioh]1, either longer tunneling paths,
point within the same time step. Therefore the electronmwdgtl higher potential barriers or larget;, values, produce smaller
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tunneling probabilities. Accordingly, a narrower potahtiar- low. On the other hand, when thermionic emission dominates
rier obtained when the IT model is considered, providesthe current, the fraction of particles that undergo thismuin
largerT,;; due to the resulting shorter tunneling path. Thereffect proves to be negligible. For this last reason, andhiipin
fore, the percentage of electrons near the potential barrgate bias, although IT shows a larger percentage of elextron
affected by S/D tunneling (Figuké 4) is much higher comparedfected by S/D tunneling, the existence of charge inside th

to the BT model. barrier (because the BT percentage is also appreciabé3 lea
to a small increase of the current when computed by the Monte
' ' " FinFET, valley A, Carlo simulator. Therefore, this phenomena is more retevan
0.40 v, =500mv ] at subthreshold regime.
V=02V
L.=7.5nm
0.35 . 4 T T T T 5
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w030 . ¢
B X . 1 =
2 0 3 10"} /“A ’ s
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Fig. 3. Energy profile of the lowest energy subband in the m.8rvice for a 0.0 0.2 0.4 0.6 0.8 1.0
FinFET (valley A4) with instantaneous tunnel, with ballistic tunneling mbde
(considering the motion of the electrons inside the paaémarrier) and w/o VGS V)

S/D tunneling.Vgs = 0.2V andVpg = 500mV.

Fig. 5. Ip vs. Vg in the 7.5nm device for a FINFET afps = 500mV
for both the instantaneous and the ballistic tunneling.

S 2 — — -

o L Instantaneous Tunnel ._*..K'figi._gzjz 100 From now on, and due to the differences in the curves,

s —~—Ballistic Tunneling '~ e suggesting that the IT model is not an adequate approximatio

3 C'"Ff;oo mv ,g.:@id .., we will hereafter focus on the more realistic BT model. Fegur

3 10k L:s= 75nm / # ﬁi' 80 depicts the energy profiles of the lowest energy subband for

5 /ﬁ«é}’ FE SN a simulation considering S/D tunneling in FDSOI, DGSOI,

£ Pa # A‘A #1460 and FinFET devices, as well as the electron distributiomfro

“?; <—® id 3 the fundamental subband as a function of the total energy.

H 100k ﬂ/! /I 440 Notice that the lowest energy subband changes frd

;f / jA' ] in both FDSOI and DGSOI transistors td, in the FiNnFET.

5 /‘ ‘ 420 The difference in the device orientation also alters theaye

2 ..;;{ ] effective transport mass of the electrons, labeledin Tablell,

§ 10" a—a-ﬁr‘?’&%g. o 0 being higher for the FINFET than for both the FDSOI and the

¢ 0.0 0.2 0.4 0.6 0.8 1.0 DGSOI. This statement can be extended for the less populated
V. W) valleys:As in FINFET andA,4 in FDSOI and DGSOI devices.

Gs A comparison between FDSOI and DGSOI devices with

' _ . the same confinement direction and the samjg, shows that
Fig. 4. Percentage of electrons affected by S/D tunneliry ttee potential

barrier as a function o¥ s in a FINFET withL5=7.5nm atVp g = 500mV’ the higher and Iarge_r energy proflle of the DGSOI (F|dﬂre 6)
for both the instantaneous and the ballistic tunneling. decreased’;. For this reason, a larger number of electrons

rebounds at the potential barrier for the DGSOI compared

This quantum effect produces a modification of the — to the FDSOI. In spite of the similar energy profile between
Vas characteristics (Figuld 5) obtained from both IT and Bthe DGSOI and the FIinFET (Figuké 6), which means similar
criteria. In general, the drain current in Monte Carlo siatats tunneling length at a given starting poantthe higher potential
is calculated by the spatial average of the electron currdwrrier for the DGSOI make$;,; lower. However, the larger
along the channel. Consequently, the number of electromsg, (Table[l) for the FInFET orientation significantly reduces
located inside the potential barrier due to the BT model withe tunneling probability. As a consequence, the number of
contribute in Monte Carlo to the total current increasing iparticles affected by S/D tunneling is lower in the FinFET
The differences between curves, observable at low and higbmpared to the DGSOI due to the higher relevancenpf
Vas regimes, have different explanations as detailed in whiatthe computation off ;.
follows. In the subthreshold regime, S/D tunneling impkes  The percentage of electrons near the potential barrier af-
increase of the drain current because thermionic emissiorfeécted by S/D tunneling as a function of the gate length is
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%, 0.30 | | Fig. 7. Percentage of electrons affected by S/D tunneliray tiee potential
- barrier as a function of.s for FDSOI, DGSOI, and FIinFET at low drain
2 bias and saturation conditions willi; g = 0.2V,
W .25
0.20 The impact of S/D tunneling on the threshold voltage
variation (AV;;,) can be observed in Figufé 8;; has been
0.15 calculated in this work according to the constant drainextrr
0.40 method [19]. The percentage of electrons affected by S/D
r 10: S tunneling near the threshold voltage is higherifpis=1V than
:35 S for low drain bias owing to electrostatic variations whee th
0351 10 §-— drain bias is increased. Thus, the reductiori/pf when this
s 10° 27 type of tunneling is taken into account is intensified forHag
2030 100 % Vps. This effect becomes more relevant when the device size
k) is reduced. However, the influence of this quantum effect is
1]

o
)
o

lower in the DGSOI and the FInFET due to the better control
on the SCEs.

or W 1
07 1
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Fig. 6. Electron distribution in arbitrary units in the losteenergy subband -150 / FDSOI, V=100 mV |

of the valley A5 (solid) and of the valleyA4 (dashed) as a function of total o —>—FDSOI, V=1V

energy in the 7.5nm device including S/D tunneling for FD$©p), DGSOI -200 —E—DGSOI, V=100 mV ]
/ !

e
Y
5}

X (nm)

(middle), and FIinFET (bottom) witVgs = 0.2V andVpg = 500mV . —O—DGSOLV_ =1V

? " Ds

250 —A—FinFET,V, =100 mV ]
X —O—FinFET,V, =1V
shown in Figure7 a/zs = 0.2V due to the importance 800 =0 15.0 200
of this phenomenon in the sub-threshold regime. Note that
Figure[T shows the percentage of electrons affected by S/D Lg(nm)

tunneling near the potential barrier and not their totabigal _ _ _ ,

. . . ig. 8. Difference between the threshold voltagkl{;) of a simulation
This means that the number of electrons eXpe”en(_:'ng tl%%sidering S/D tunneling and w/o it as a functionlgf for FDSOI, DGSOI,
phenomenon is compared to the electrons rebounding frand FinFET at low drain bias and saturation conditions.
the potential barrier and to those with higher energy than th
of the potential barrier. In general terms, the percentage i The Drain Induced Barrier Lowering (DIBL) is one of the
larger at saturation regime due to the reduction of the pialen main parameters used to determine the impact of SCEs when
profile. In this scenario, the larget;, of the FInFET reduces devices are scaled down. Figlile 9 shows the DIBL dependence
the importance of S/D tunneling compared to both the FDS©h the channel length when S/D tunneling is considered in
and the DGSOI at any drain bias and afy. Moreover, it is the simulations. Observe that this inclusion entails a &igh
almost negligible in the case of the FiInNFET willy; >7.5nm. DIBL in the three devices especially for lower gate lengths.



The difference betweetfry, with and without S/D tunneling 10°%¢

is more pronounced for higher drain biases (Figure 8) and, /_Aﬁ_A
therefore, this produces a DIBL increase when S/D tunneling [ //A FDSOI wio S/D tunneling
. . . 4 7 FDSOI with S/D tunneling
is conS|de_red. Lower_ DIBL means that the degradation cqused 10°F A —M- DGSOI wio S/D tunneling 3
by the drain voltage is lower. This effect can affect negayiv ; ’ —C— DGSOI with S/D tunneling
the devi f hen its di . led d - [ A —A- FinFET w/o S/D tunneling
e device performance when its dimensions are scaled down. S 7 —/\— FinFET with S/D tunneling
especially for applications where an increase/ gfr can be 3 107 ! O 3
— - / "'-.'.—D/
very harmful. ; m="0
L A K .~
10°F / ," E
F T T T T T ] E i /
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= L } Fig. 10. Ion/Iorr as a function ofLs considering both simulations with
L 900}t E and w/o S/D tunneling for FDSOI, DGSOI, and FinFET.
(=] L 4
600 | -
3 N 4
300 - SE . IV. CONCLUSIONS
[ " S S, s— . . o -
o , . \ 1 el This work implements S/D tunneling in an existing MS-
50 75 100 15.0 200 EMC tool considering two different criteria for the parécl
L (nm) motion accounting for it. Our calculations show that the
G

model including the flight of the electrons inside the foded
Fig. 9. DIBL as a function of. considering both simulations with and w/o region increases the potential barrier compared to thaniest
S/D tunneling for FDSOI, DGSOI, and FinFET. neous tunneling model. Therefore, this last model prodaces
higher T;; compared to the ballistic one, and overestimates
Another important parameter that provides informatiothe nu_mb_er of particles suffering it. A comparison _Of S/D
punnelmg impact on FDSOI, DGSOI and FinFET devices has

about the device performance is tiign/lorr ratio, where performed. The difference in the energy profiles and the
Ion andIppr are the highest and lowest attainable currents oﬁ . ) L )
ange in the confinement directions among them modify the

; i c
the devices, respectivelydn = Ip whenVgg = Vpg = 1V . - . . )
Torr = Ip when Vag = OV and Vps = 100mV). tunneling probabilities, decreasing them for higher pt&tn

Ideally, the best device would be the one with the higheb?mers and larger transport masses, which are the cases fo

. ) . . I e DGSOI and the FinFET, respectively. In conclusion, the
Lox!Iorr ratio. This parameter is depicted in Figurd 10 a3 o "¢ particles experiencing S/D tunneling is lower in

a function of the channel length for both situations. NOtiCEinFET and very similar for both EDSOI and DGSOI devices

hOW. the FinFET _feat.ures a mgch higher ratio .than the Oth?ﬁe FInFET shows less degradation than the others at any bias
devices. The main difference in thien/Iorr ratio between regime enabling a better control of the SCEs.

the three devices lies in the very lofwrr for the FINFET
in comparison to the FDSOI and the DGSOI. The change in

the confinement direction modifies the device charactesisti REFERENCES
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