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s ABSTRACT
—
In the qlses or energy efficient circuits, considerable focus has been given to steep slope and
‘peyrity-controllable devices, targeting low supply voltages and reduction of transistor count.
~

The recently proposed concept of the three-independent gated (TIG) Si-FinFETs with Schottky-

barrier (SB) has proven to bring both functionalities even in a single device. However, the
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Publishiaghiplex combination of transport properties including Schottky emission and weak impact
ionization as well as the body effect makes the design of such devices challenging. In this work,
we perform a deep electrical characterization analysis to visualize and decouple the different
operation regimes and electrical properties of the SB Si-FinFETs using/a graphical transport map.
From these we give important guidelines for the design of future i%.

Keywords: Schottky-barrier (SB) Si-FinFETs, three-i de‘p%\ gate (TIG), polarity-
—
controllable devices, low supply voltages with steep slope, graphti

| transport map.

I. INTRODUCTION \ L.?
Energy efficient devices and circuits are es%g\tklaw nable a higher complexity of integration
with manageable power consumptio in@?’pplications and to prevent power constrains

such as dark silicon in highly inte atedvcuh's. Therein, steep switching slope devices, such as
Tunnel Field-Effect Transisto ;\Rﬂ's y aim to maintain a quadratic reduction of dynamic
power consumption vs. ¢ ntional ‘field-effect transistors (FETs) due to the continuation of
threshold and supply o& ng [1]. An alternative towards energy reduction being recently
investigated is thefuse o ola{ity—controllable devices that have the ability of providing p- and n-
type charact 1st@ within the same device [2,3]. These have shown to be able to substantially
reduce th€ transistoreount and therefore power consumption in demanding applications, such as

4

its [4,5]. Recently, both TFETs and polarity-controllable FETs have been

arithmetic cisc

hi Hﬁghte

6].
I~

Polarity controlled (or reconfigurable) transistors, leading a novel device concept, are typically

being among the most promising device types for the potential use in hardware

based on source and drain junctions containing Schottky-barriers (SB) [2,3,7]. The predominant
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Publishielghrge carrier type (electrons or holes) in these polarity controllable transistors can be tuned
electrostatically by an additional gate (so-called polarity gate or program gate), instead of using
impurities of opposite type for each device polarity. This could provide a new paradigm of
CMOS technology with dopant-free processing with reduced thermal(gudget [8-10]. It has been
recently reported that SB Si-FinFETs with Three-Independen Gays (TIG) in addition of
showing polarity control can deliver a very steep subthreshold swing SSYSS = dV,/d[log(l4)]) of
6 mV/decade over five decades of drain current due to 2'1-}) Q\?'e-{eedback and weak impact-

ionization [11].

-

L -
TIG for tuning polarity of charge carriers werév;{st ted in detail, through analysis of contour

In this paper, the electrical properties and uniq\e\%sapm’ mechanism in SB Si-FinFETs with

maps of drain current (I4) and activation éxg%li\a) considering different bias conditions of the
.

three individual gates and drain. In a ,\t‘ nsconductance (gn,) behavior was compared to

that of a conventional SB transistoS\\g()Q ration. This work provides novel information for a

better understanding of the physical “operation of SB Si-FinFETs with TIG for further

development of practic ;%tions including novel reconfigurable circuits with low power
£

consumption. / y

II. EXPERIM 3TAL PROCEDURES

For this:stu /the/SB Si-FinFETs were fabricated on SOI wafers with 2 pm buried oxide (BOX)
and a lightly b—type doped Si body of 340 nm thickness. Figure 1(a) displays a scanning electron
mi osco}e (SEM) image and schematic view of the completed devices. The fins were patterned
Bbe\40—60 nm wide and have a total length of 800 nm which is sub-divided into three

sequentially gated regions, each approximately 200 nm in length. The central gate is the Control
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Publishi@giz (CG) and the two neighboring gates coupling the source and drain junctions are the
Polarity Gates (PG). The gate insulator consists of 15 nm thick thermal SiO,. The source and
drain contacts are silicided with Ni to become metallic NiSi;x introducing Schottky junctions to
the Si channel. Further details about the fabrication procedure have %en described previously
[11]. The I-V current-voltage characteristics were recorded at different temperatures (22 °C, 57
°C and 92 °C) using an Agilent BI505A measurement unit. \

=
.
)

ITII. RESULTS AND DISCUSSION

}

Figure 1(b) shows typical transfer curves with a srr(e,u dr&ijl bias |[V4| = 20 mV showing both p-
FET and n-FET operation of the SB Si-FinFETs, 1 :‘—single physical device. With Vpg the
polarity of the transistor can be selected%-t\\%the effective SB width between NixSi;x and
the Si simultaneously at both source waj\r} At the same time, Vg modulates the potential
barrier in the channel like the at%{ ventional transistor as previously shown by M. De
Marchi et al. [12]. A positive VpG\TS in a reduced SB width for electrons and thus raises the
injection probability of c%by tunneling through the thinned SB to the silicon conduction
band [13]. Similarly, ﬂegzy Vpg induces the hole injection as a majority carrier with a

thinned SB towards the silicon valence band. The band diagram illustrated in Fig. 1(a) describes
Zl%urable operation principle in the SB Si-FinFETs with different polarity gate

the uniquefeco
£
and control gate V,(fltage (Vpg and Vi) conditions. The asymmetric trend between n-FET and p-

FET on‘the Ibvs. V¢ according to varying |Vpg|, as shown in Fig 1(b), is attributed to a higher

—_—

S eigh} value for electrons (= 0.66 eV) vs. that for holes (= 0.46 e¢V) at the Schottky-junction

ﬁeﬁbr‘[ed in [14] and as will be reconfirmed later.
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PublishiRgure 2 shows a drain current contour map for a simpler understanding of carrier transport
controlled by the parameters V4, Vcg and Vpg in the SB Si-FinFETs, as previously applied to
Schottky FETs [15]. Different colors in the contour map denote the amplitude of log |I4. For p-
FET operation with a negative Vpg in Fig 2(a), the holes dominate tPé overall operation of the

device for small and moderate values of |V4. However, the ele ro@ also ‘start to be injected
co

from the drain-side with a further increasing |V4|. Hole dominat ction regime, electron

dominated conduction regime and mixed regime of both ca 'e)s‘aec.ording to varying V4, Vcg
_—

and Vpg can be identified and are highlighted in Fig. 2(%@ dotted white line in the contour

map. Moreover, the horizontal dotted line, upon (ldlich‘ljle electron injection is dramatically

-
raised, can be assumed to be the effective flat"band condition at the drain-side junction. One can

also observe that the flat-band position m&\n@z —1.75V (Vpg =2 V) to=—-3.75V (Vpg =

—4 V) as Vpgis lowered. In addition, ?’hﬁilg end with opposite polarity of Vg and V4 was
investigated for n-FET operation w&\\x{) itive Vpg as shown in Fig 2(b). However, the dotted
white border line distinguishing emconduction regime in the right contour map of Fig. 2(b)
is not perpendicular to ti%. is anymore, due to the change of threshold voltage presumably
resulting from iny%}o at a higher Vpg and V4. Next, this region is analyzed in more
detail. )\

oW,

£
A stee SS\/GO mV/decade at room temperature (thermal limit) was observed at V4> 2.5V

and Ve 4 \) as shown in Fig. 3 (a). The steep SS behavior can be explained by the following 3
factors a} proposed in [11]: (1) weak impact ionization generating electron/hole pairs; (2) a

%tﬁe feedback with lowering the potential barrier under Vg due to the accumulated holes; (3)

the further enhanced electron injection with thinning SB width caused by the generated holes at
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Publishithg source-side. Fig. 3(b) represents the contour map of the slope = d[log|ly|]/dVcs extracted
from the transfer curves in the Fig. 3(a). The contour map clearly shows a distribution of the
slope values according to V4 and Vg bias conditions. Moreover, one can easily define a specific
bias regime, where the SS is corresponding to a value of below 60 ?A'/decade. In the contour
map of Fig. 3 this regime is coded by a red color. 3

"N

Temperature dependent transfer curves were measured and t c)ﬂ'csponding Arrhenius plot was
—

used to extract the activation energy (E,) for the different o@ration points in order to get a

deeper insight into carrier transport mechanis (nbthe')SB Si-FinFETs (see supplementary
| -

material). Figure 4(a) shows a contour map ow unction of Vg and V4 with Vpg =—4 V,

i.e. for p-FET operation. The energies ar&d\‘%d for holes Ej, having the source electrode as
f

the reference, i.e. Vs = 0 V. As an ex F’plf, Jo V4 = —3 V the activation energy is plotted vs.

Vg in Fig. 4(b). The schematic ba

7

\}i&g m in Fig. 4(b) helps to describe the model proposed
next. Two regions with differermn be identified and divided by a deflection point. First,
from Veg = —0.4 V to 8%% is controlled linearly by Vg having a slope d(E.)/ d(Vcg) of
unity as shown in F1 4(5).}h s describes a one-to-one movement of the energy bands by the
control gate bias %Nd le of the channel as can be seen from the solid purple potential lines

nism is similar to that of a conventional MOSFETs. For this particular situation

in Fig. 4(b){ Thus.it can be assumed that the junctions do not limit conductance here, and that the
£
switching meeha

d(Ea)/ CG)XS equivalent to the well-known body factor m in conventional FETs, with

Cin

—j , where Cyy, 1s the capacity associated to the depletion width maximum and Coy
ox

the oxide capacitance of the control gate [16,17]. m = 1 is satisfied for Cox >> Cgm, showing the
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Publishiexg:llent gating condition of the fin body by the control gate. This is translated into a

subthreshold swing SS close to the ideal value of

dv dv.
SS = g e dds ;mxlnlek—T, i.e. 60 my/dec at 300K (1)
d(logg1y)  dd,  d(logigly) g \\\
, where ¢ is the surface potential of channel. The second region{in )4(b) is entered, when the

barrier height E, is smaller than 0.1 eV, which corresponds

aw gate voltage Vcg ~ — 0.8

G. As ,B)r

diagram, the channel surface potential below the @rol_%a ¢ (qPmin) becomes higher than the

V. In this region, E, is only weakly influenced by osed in the schematic band

effective barrier for holes at the source Scho&ti&n—. The limiting transport mechanism is
thus thermally assisted tunneling into the valence band E, through a thinned and triangularly

~

shaped energy barrier'. See dashed e lme in Fig. 4(b). The total hole injection current
N
density J through the barrier is giv ﬁ{ energy dependent Fermi Dirac distribution f(E) at the

source electrode and the tunneli bility Ty(E) assuming a constant density of states in the

metal and constant unoc@tes in the semiconductor [18]:
£

E
A 4 =] SEDLENE @)

Following th: \N3m>eﬁKxamers-Brillouin (WKB) approximation for a triangular barrier, the

tunnelin rob/abi is:

. £
372
(\) TWMVW%E%;Q—}G)

he s a constant and ¢ is the electric-field across the junction. Fig. 4(b) schematically shows

N
the product f(E,T) xT(E) and associated integral of equation 2.
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PublishimEe activation energy where tunneling dominates can still be tuned with Vg, down to a value of
~ 0.02 eV. This is attributed to the effect of fringing fields from the control gate electrode
penetrating into the Vpg gated Si region. Following the simplification introduced by J. Knoch et
al., for Schottky-FETs in [19], the activation energy E, in the tunne?ég-limited regime can be
associated with an effective SB height q@.s upon which the tu eﬁ?¥ probability approaches
unity. This is assumed when the typical barrier thickness in«Sﬁ\'sQ al or thinner than the
tunneling distance (d;) in Si, see grey region in Fig. 4(b§%‘tﬁﬂg substantial energy losses
within the first gated region, the injected charge carrie have%sufﬁcient energy to surpass the
potential energy at the control gate thus resu tinan a)drain current, SincCe q@min < q(Peff.ii
Interestingly, the deflection does not have a sﬁc% ;aence on Vg as seen in the map of Fig.

4(a). This is attributed to the strong c@oupling of the program gate in the tri-gate
structures. S -

AN

The E, contour map for the n—l%\&%&ﬁon with Vpg =4 V was shown in Fig. 5(a). In contrast

to the p-type operation, % nd a valley shape in the E, contour map of Fig. 5(a). The valley
etir§

shape is a result ?cép/\

type operation % depicts extracted E, vs. Vcg plots for two different cases namely Vpg =

ansport mechanisms. To understand the different regimes in n-

= V4 =2 V. For comparatively low voltages Vpg = V4 =2 V, the switching

Vd =4V d
£
mechanism 1 imifar to the p-case. From Ve =0 V to — 0.3 V the slope d(E.)/d(V¢g) is about 1

CORSLS

e eff}iency of moving the control barrier by Vg is boosted by a factor of about 2.26. This is

bi the thermionic emission over the control gate barrier. However, for Vpg = Vg4 =4

>r&ult of a positive feedback effect. As proposed in [11,20], the high channel fields between

the middle gated region and the drain bounded gated region induce weak impact ionization of
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Publishielgctrons. The generated holes accumulate at the potential pit under the control gate giving the
observed positive feedback and steep subthreshold slope. The generation of free charge carriers

by weak impact ionization also implies a substantial amplification effect on the term

d(logiolq)

a9 within equation 1, surpassing the value of q/(kTxIn10). 'A\Kﬂer contributes to a
S

>

steep subthreshold slope behavior. It should also be noted that ﬁ{hration current by impact
ionization has an inverse temperature dependence as co a%t ermionic emission [21],
principally contributing to a lower E, for a fixed V. e:/ztrthsle , in a temperature series it is
difficult to decouple both effects from each other@ce ,She Injection current initiating impact
ionization is thermally activated through the esckbxd thermal assisted tunneling at the source
Schottky junction and subsequent the ich\em ion of electrons above the control gate
-
potential barrier. Further, we focus onfthe E, valley in Fig. 5(b). As the bands below the control
Y.

s
gate are lowered by increasing chl\\ stantial amount of accumulated holes can be emitted

over the source-sided energy ba%i\xther than over the higher drain-sided barrier. This effect is
expected to reduce the channelpotential at the source sided junction thinning down the SB for
electron injection and thus Icading to a lower effective barrier height qgesr for electrons and
therefore enhan{d\egtr /current. As holes are depleted and electrons are injected at the
source junctio }eff (Veg > — 0.1 V) rises again. A deeper valley on the E, behavior is observed
in Fig. SSE ﬁh a}migher |[V4| and |Vpg| possibly owing to an enhanced impact ionization rate and
relate ighe§hole concentration. In the on-state E, remains fairly constant in contrast to the p-
-
p&@&ase in Fig. 4. This can be an effect of the larger SB height of electrons vs. holes. As a

hllt,\it is more difficult to tune its transparency with the fringing fields of Vcg.
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PublishiNgxt, the electrical properties of the SB Si-FinFETs were compared to those in a typical
configuration of SB transistor, in terms of transconductance g, behavior as shown in Fig 6. The
operation of a conventional SB transistor is possible if the PG and CG in the SB Si-FinFETs are
connected together as shown in the illustration of Fig. 6 (b). It 2/ well known that g, of
conventional SB transistors is not degraded even at a high gate biag, s‘mye carrier injection is also
increased through the progressively reduced SB width with rais%\% bias [22]. That is why
the g in Fig. 6(b) is continually rising. However, the S]i iFIMFETs with the separated Vpg
shows a peak and then degradation behavior of g, as g@y Fig. 6(a). This feature can be
explained by a relatively pinned carrier injection (e@ted")o the nearly fixed SB width with a
given Vpg. Carrier injection rate is alread term e‘(-ibby the fixed SB with Vpg = —4 V.

Therefore, a mobility degradation and se%ce at contacts with the fixed carrier injection
B S

rate can cause the degradation of g, in FinFETs, like in a conventional MOSFET with

<
highly doped source/drain regi(Q
Finally some prospects % optimizing the SB steep slope Si-FinFETs are given. For a
simple implemen?/i of thejle ice in steep slope mode, all supply voltages have to be reduced.
It is known that t}e inimum energy required for igniting impact ionization is 1.5 times of the
23

]. For Si channels this implies a minimal V4 of = 1.68 V. In addition, steep

band gap E{ [23;
£
slope behavi woflld be required for both n- and p- type devices. The potential use of low band

(l_x)ls well as Ge channels and a PN-body tied structure in SOI based FETs could help

to duca V4 [25,26]. It could also allow steep slope operation for the p- operation, since the
act ionization coefficients for holes o, are not only substantially higher than in Si but also

closer to the ionization coefficients for electrons o, in SiyGe(1x) and Ge material [27,28]. Also

10
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Publishithg on-currents would be enhanced, as lower SB heights can be obtained. In turn the leakage
currents would increase but they can be principally managed by the choice of an appropriate

program gate bias Vpg.

A

3N
IV. CONCLUSIONS \
Electrical properties and operation regimes of polarity tunit\) Qld*steep slope Si-FinFETs were
discussed in detail. Drain current and subthreshold slo cont§ur maps clearly showed hole or
electron dominant conduction regime and mixed egiule of’yoth carriers according to varying Vg,
Ve and Vpg bias conditions. The effective“flat-ba: l.p;)sition on the drain-side can also be
estimated from the specific point wh&ih\e\“injection of the opposite type of carrier is
dramatically increased in the drain cu Wn\t? map. In addition, an activation energy contour
map elucidates the different tranm imes differentiating the individual contribution of
thermionic emission, thermal asm\tunneling through the Schottky-barrier (SB), positive
feedback effect and wea 'n%ionization. The understanding of the involved carrier transport

mechanisms and t u‘ﬂda? between these help to design future SB Si-FinFET devices for

potential multi uncMoglc and steep slope operations.

. £
'This igrareali tic,d’ssumption for the low doping level of the Si fin and at the applied high fields.

ii

enyersely, )s the gate length is comparatively long the fringing fields of Vpg do not affect the

mini un}barrier height q@min in the control gate region.

\ <

11
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FIGURE CAPTIONS —
-
Figure 1. (a) SEM image and schematic showing the campletéd SB Si-FinFETs (left), and the
illustrated band diagram describing the u iq(:Q recgnﬁgurable operation principle with

different Vpg and Vg (right). (b) Iq vs. Wit arymg Vpg representing both p-FET and

n-FET reconfigurable operation in a @1 -FinFET.

Figure 2. Drain current contour m&le showing carrier transport behavior controlled by Vg,

Vcg, Ve in the SB Sl-Fan

Figure 3. (a) Transfer c Varymg V4 (left) and SS vs. V4 (right) for n-FET with Vpg =4

both (a) p-branch and (b) n-branch.

V, a steep S be w mV/decade was observed at a higher V4 (> 2.5 V), due to the

effect from 1%1 1zat10n induced positive feedback. (b) Subthreshold slope (=

d[log(1g)] G) contour map clearly showing a steep slope regime in red color.
{
Figuriiju 1on energy E, contour map as a function of Vg and V4 with (a) Vpg =—4 V for
p-F he activation energy was extracted by temperature dependent transfer curves and

enius plots for an in-depth study with respect to carrier transport mechanism in the

\ <

devices. (b) E, vs. Vg with Vg =—3 V and illustration of corresponding energy band profile.

12
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PublishiRiure 5. (a) E, contour maps as a function of Vg and Vg with Vpg =4 V for n-FET. (b) E, vs.

Vg for Vpg = Vg =2 V and Vpg = V4 =4 V. A deeper valley shape with d(E,)/d(V¢g) > 1

could be induced by the enhanced impact ionization effect at a higher Vpg and V.

Figure 6. Transconductance gy, as a function of control gate bias in bw Si-FinFETs with

the separated PG and (b) a conventional SB transistor configur 'o} with connecting CG and

PG as shown in the illustration. ‘)
T~
Q

2 &)
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