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1. INTRODUCTION

MOSFETS are continuing to scale down and thus their power consumption is
becoming an important concern. Lowering the standby power (lor X Vpp) IS
crucial, (I being the leakage current; and Vpp the supply voltage) in low power
applications [1-3]. Thus reducing los and scaling down Vpp are the momentous
schemes employed in low power design of MOSETS, which means the steep
subthreshold slope in the devices [4-8]. However, a limit of 60 mV/decade for
the subthreshold swing (SS) is quite well known in MOSFETS [4-8]. This limit
of subthreshold swing which stems from the thermal injection of current carriers
over the source channel energy barrier is unfortunately no longer sufficient to
ensure high on/off current ratio (lon/lor) When low Vpp is desired. Due to this
limitation, there is a renewed and growing interest in exploring a replacement
for MOSFET, a device which can potentially provide higher lon/los for a given
supply voltage.

In particular, there is a strong push towards devices which utilize band
alignment along with the band to band tunneling (BTBT) mechanism. These
devices have the opportunity to provide noticeable low Il and promise the
potential of obtaining SS values below the 60 mV/dec theoretical limit seen in
the MOSFETs. From this point of view, Tunneling Field Effect Transistor
(TFET) has been the subject of intense investigations in recent years. Since in
this type of device, the current depends on the BTBT mechanism rather than
thermal injection over the barrier [4-8].

However, TFET suffers from three major shortcomings. These are (1) an
unacceptably low lon [9-25]; (2) ambipolar current (lamp), @ unique conduction
property seen for high negative gate voltage, which limits application of
transistor in low-power circuit design [24-33]; (3) use of abrupt high doped
junctions needed for efficient tunneling. Fabrication of such junctions of course
requires complex high thermal budget processes and yet hard to obtain because
of the doping diffusion [34-36]. It is then natural to exercise attempts to improve
both TFET performance and its device manufacturability.

So far, several novel structure have been introduced to enhance the lon [9-25],
while only a modest efforts have been devoted to the improve on the lam, and
abrupt high doped junction requirements [24-33, 37-39].
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A novel structure called junctionless tunneling FET (J-TFET) has recently
been introduced which has very simple structure and thus amenable to
manufacturing [37-39]. It is in fact a tunnel FET without any sharp doping
profiles. The J-TFET offers superior performance since it blends the advantages
of both JN-FET [40-46] and TFET [4-8] structures. Although, the newly
proposed J-TFET overcomes the challenges of low Iqn, high SS values, and also
abrupt high doped junctions, it still suffers from a detrimental problem i.e. high
lamb [37-38].

In this study, we will introduce a technique to achieve a J-TFET with P*IN*
charge distribution. This structure acts similar to the conventional TFET (C-
TFET). For the first time, as the proposed J-TFET is fabricated on a junctionless
P* starting substrate (PJ-TFET), it needs no metallurgical junctions and thus it is
free from random dopant fluctuations. Also for suppression of inherent
ambipolar conductivity, the electrons of the drain side are extremely depleted to
realize a P*IP"N™ charge distribution. This leads to tunneling width extension
near the interface of channel-drain, negligible electrons tunneling from channel
region into the drain end and thus suppression of lamp as discussed below.

To investigate the electrical characteristics of the proposed PJ-TFET, we will
evaluate it by a 2D device simulator employing Silvaco Atlas [47]. The cross-
sectional views of the junctionless FET (J-FET) and PJ-TFET are exhibited in
Fig. 1(a) and Fig. 1(b), respectively. The PJ-TFET structure is a lateral p-type J-
FET, which uses two isolated gates called the Main-Gate (MG) and the N-Gate
(NG), each with appropriate work-functions, to make the silicon thin film
beneath the channel and drain regions intrinsic and n-type, respectively. Thus,
the main idea here is to convert the (P*-P*-P*) source, channel and drain of the J-
FET with doping concentration of 1x10%° cm™ into a (P*-I-N*) structure without
any use of physical doping. While the MG is responsible for turning the device
into the on state, the NG is kept at zero voltage in both the off and the on states.
Employing the NG creates a space between the gate-drain electrodes (Secp),
which manages the tunneling barrier width near the drain side as well as reduces
the lamp. The parameters utilized for the two structure in our study are listed in
Table I.
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To consider lateral direction for the tunneling, we have used nonlocal BTBT
model in the simulation [16-17, 29, 34]. The nonlocal BTBT model can describe
carrier transport along the barrier with assuming entire tunneling path. Thermal
generation-recombination is a major motivation for employing the Shockley-
Read-Hall (SRH) model. Also direct recombination (Auger) [41] and band gap
narrowing (BGN) models are taken into account because of the high doping
concentration in the junctionless device structure. The doping-dependent and
field-dependent mobility degradations were considered by employing the Philips
as well as Lombardi mobility models, respectively. Although, the quantum
phenomena are applied by Hénsch et al. [48], this can be neglected because the
thickness of silicon film is above 7 nm [49, 50].

Calibration of simulation models against results obtained from an
experimental TFET under similar conditions is shown in Fig. 2 [5]. It is clear
from the figure how well simulation results are in close agreement versus
experimental data. This indicates that the models used in this study truly capture
the BTBT mechanism.

(a) jeo‘e
e L —3 bt (D)
ts . Ve | |
S0 A S0, A
Vs"l P* Source P*Channel P* Drain I—< Vo VS,_I P* Source Channel N* Drain I_< Vo
S0 S
Vi Ve i
< Ly —> — Lyg —> <—Lne—>

Fig. 1. Schematic of the (a) J-FET, and the (b) PJ-TFET structures.

Fig. 3(a) exhibits band diagrams for the PJ-TFET structure in the off-states. It is
observed that the probability of the electron tunneling is negligible since the
barrier width near the source-channel interface is very large. Thus the carrier
concentration under the MG is very small and the device behaves similar to a
P*-1-N" structure as illustrated in Fig. 3(b). Fig. 3(c) exhibits the band diagram
in the on-state. Applying a positive gate voltage on the MG, turns the device on.
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Table. I. Parameters used for the devices simulation

Parameters PJ-TFET | J-FET
Main-Gate (MG) length (Lwmc) 30 nm 30 nm
N-Gate (NG) length (Lng) 29 nm -

Space between the MG and NG (Scp) 1nm -
Silicon film thickness (ts) 10 nm 10 nm
Gate oxide (SiOy) thickness (tox) 1nm 1nm
MG’s workfunction 4.1eV 4.1eV
NG’s workfunction 29eV -
107+ -o———" -
'g 10° — =
2
Hg 1074
E 10%
5
£ 1073
&
10"”1];: Experimental [5] O Simulation, V,=1.0V
Experimental | 5| O Simulati V=01V
10" T T
0

T T
0.2 0.4 0.6 0.8 1.0
Gate-Source Voltage, Vo (V)

0.

Fig. 2. Calibration of the transfer characteristics (Ios-Vas) against experimental results.

Under such biasing conditions, the barrier near the source-channel interface
narrows down. Thus there is a high probability of electrons tunneling from
source into the channel, which the conductivity in this region becomes almost n-
type region as shown in Fig. 3(d). Note that due to proper choice of NG
workfunction, the electron concentration in the drain region remains constant at
about Np= 1x10" cm™. So the conductivity type has changed effectively from p*
into an n*. In all of these figures, the lateral direction is taken along the AA'
cutline located at 0.1 nm under the SiOJ/Si interface. Fig. 4 also depicts the
contour plots of the hole and electron concentrations in the off- and the on-
states. It can be observe that for the PJ-TFET, either in the off-state or on-state
conditions, the induced carrier concentrations are approximately comparable
with that of the conventional TFET (C-TFET).
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Fig. 3. (a) Band diagrams and (b) carrier concentrations of the PJ-TFET in the off-state.
(c) Band diagrams and (d) carrier concentrations of the PJ-TFET in the On-state.
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3.2. SUPPRESSION OF THE AMBIPOLAR CURRENT

In the PJ-TFET, the lamp is higher than the limit that can be tolerated for low
power applications. In this section, we explain how the above structure can
suppress the lamp. The impact of the size of Sgp on the PJ-TFET’s transfer
characteristics is shown in Fig. 5(a). A significant reduction in lam, is observed
when the Sgp is increased. Larger Sep is responsible for further depletion at the
drain end. It also helps pulling up the band energy near the channel-drain
interface which results in negligible electrons tunneling from channel into the
drain. Also, Fig. 5(b) exhibits the l.m, extracted at Vgs= -1.0 V, as a function of
the Sep and Vps. Since, the Sep determines the width of the tunneling barrier
width, lamp is noticeably reduced as the Sep is increased.

@ - (b)
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eV =10V| L=100m
—e— Vv, =08V| LI1m
A V=06 V| &7 39(8i0)
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Fig. 5. (a) The PJ-TFET’s transfer characteristics with spacing between the MG and NG
as a parameter, (b) lamp as a function of Sgp and Vps at Ves=-1.0 V.

To see how Sgp can affect the lamy, refer to Fig. 6, where we have shown the
band diagrams for the PJ-TFET in the lateral direction at Vgs= -1.0 V with Sgp
taken as parameter. To reduce the lam, the tunneling barrier width at the
channel-drain interface should be large enough [18-24]. This can be achieved by
increasing the Sep. When Sgp changes from 1 nm to 15 nm, the tunneling barrier
width varies from 8 nm to 15 nm. Note that (due to employing of an auxiliary
gate, NG, the drain voltage drops primarily on the gap between the MG and NG.
This extends the off-state tunneling barrier into the drain region which in turn
decreases the potential drop on this gap.

Fig. 7 demonstrates the electric field and BTBT rate for the PJ-TFET at
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Ves= -1.0 V with Sep taken as a parameter. It is clear that increasing Scp, will
reduce the maximum value of the electric field in the device and changes the
position where electric field maximizes. The gap between the MG and NG is
responsible for the penetration of the electric field into the drain, generating
relatively small tunneling barrier width as shown in Fig. 6. Thus, for larger Scp,
the probability of electrons tunneling is negligible, leading to a small lamp.
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Fig. 6. The PJ-TFET’s (a) band diagram and (b) potential along lateral direction for
different values of the Sgp.
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Fig. 7. (a) Electric field and (b) BTBT rate for different values of the Sgp across lateral
direction in the PJ-TFET.

Note that there are no electrically induced free carriers within the gap
denoted by Scp. This space is equivalent to the depletion region of electrons.
Fig. 8 depicts the carrier concentrations across the PJ-TFET for different values
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of Sep. Larger Sep results in further depletion of electrons, which widens the
tunneling width and hence significantly reduces the lams.

Also, Fig. 9 shows the contour plots of the electron concentrations for
different values of Sgp at Ves= -1.0 V. As it is clear, the larger Sep facilitates
depletion of electrons. Employing the NG realizes a novel design parameter,
Scp, to alleviate the lamy. Therefore, this approach overcomes the main challenge
of the lamp just by two electrodes on the channel and drain regions without any
added structural sections which leads to a low thermal budget process.
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Fig. 8. (a) Electron and (b) hole concentrations along the lateral direction of the PJ-
TFET when Sgp increases from 1 nm to 15 nm.
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Fig. 9. Contour plots of electrons at Vgs= -1.0 V and Vps= 1.0 V when Sgp is equal to (a)
1 nm, (b) 5 nm, (c) 10 nm, (d) 15 nm.
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Fig. 10(a) shows the PJ-TFET’s transfer characteristics (Ips-Vas) for different
values of Vps. Observe that both the lo, and losf increase when Vps is increased.
Also, Fig. 10(b) compares the transfer characteristics, when metals with
different workfunctions are employed for the NG. As implied by Fig. 10(b),
choosing a higher workfunction of the NG, leads to pulling up the conduction as
well as the valence band energies towards higher energies [16-17, 34]. In this
fashion a considerably small band overlap between the channel and the drain
region is achieved, which in turn reduces the tunneling efficiency and also lamp.

Fig. 11 depicts the PJ-TFET’s transfer characteristics for different thickness
and different doping densities of the silicon film. Note also that los is reduced
when silicon film thicknesses is reduced [4-8]. Also, as shown in Fig. 11(b), lon
increase with increase in the doping density of the silicon film [24]. Note that,
when doping density is decreased, the lo is reduced without inflicting any
noticeable change on the .. Employing lower doping density leads to further
depletion of electrons near the drain side which is equivalent to extend the
tunneling barrier width.

To study the impact of gate oxide thicknesses and dielectric constants, the
transfer characteristics for the PJ-TFET are depicted in Fig. 12. From this
figures, it is clear that a thinner gate oxide helps exerting a higher control on the
channel potential [14, 19].
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Fig. 10. The transfer characteristics when (a) Vps varies from 0.4 V to 1.0 V, (b)
workfunction of the NG varies while workfunction of the MG is kept constant at 4.1 eV.
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Fig. 11. The PJ-TFET’s transfer characteristics with (a) silicon film thickness and (b)
doping concentration of the silicon film chosen as parameter.
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Fig. 12. The PJ-TFET’s transfer characteristics with (a) thickness for the SiO. gate insulator and

(b) gate oxide’s dielectric constant as parameter.

Thus a thinner gate oxide leads to a larger l.n, while a thicker gate oxide
provides a lower lqs. Also, a high lo, can be achieved by a proper value of the
gate dielectric [14, 19]. Here, different gate dielectrics are evaluated with SiOs.
As shown in Fig. 12 (b), in order to enhance the lon, gate oxide’s dielectric
constant needs to be high. Therefore, lower thickness of the dielectric provides a
solution for the low on-state current associated with the TFETS.

3.4. MODEL VALIDATION
In this part we will evaluate the proposed model in [51] for the PJ-TFET
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structure by comparing it with the 2D TCAD simulation results. In [51], first we
calculate the electric field and potential distribution by solving the 2-D
Poisson’s equation using Young’s parabolic potential approximation. Next, an
analytical drain current model is extracted by employing Kane’s model which
integrates the BTBT rate all over the tunneling region. We evaluate the efficacy
of this model by varying some important parameters. Fig. 13 demonstrates the
PJ-TFET’s transfer characteristics (Ips-Vss) With Sgp as a parameter. As can be
seen from the figure, the analytical model is tracking with good accuracy and
closely approximates the simulation results.

t;=10 nm
106 | t,=1nm
- £,,=3.9 (SI0,)
\E_ N =1x10" em™
< 10-8 4 Lyic=30 nm
£
—
-
5
E 10 -10 |
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10-14 O S;p=15 nm (Model)
T T T T

-1.0 -0.5 0.0 0.5 1:0 1.5 2.0
Gate-Source Voltage, Vgg (V)
Fig. 13. The PJ-TFET’s transfer characteristics (Ips-Vas) With Sep as a parameter for the
proposed model (open symbols) and its comparison with simulation results (solid
symbols).

4. CONCLUSION

In this paper, a new approach for realizing a J-TFET was proposed and a
comprehensive investigation was carried out by using 2D device simulation. The
proposed device structure provides a P*IN* charge distribution and acts like a
conventional TFETSs. This approach utilizes an additional gate, here called N-
Gate located apart from the Main-Gate, all on the P* starting junctionless FET.
To further diminish the l.mn, We also proposed, a new structure which provides a
P*IP*N* charge distribution obtained by the effective depletion of the electrons
in the drain side. This leads to pulling the bands diagram up near the drain
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region, causing insufficient band bending for tunneling to occur, and extending
the tunneling barrier width at this region. Hence the lamp reduces.
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