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Abstract
This paper proposes a novel tunneling and diffusion current

hybrid MOSFET. Due to the structural parameter optimiza-
tion for both tunneling and diffusion carrier transports using
device simulation, a 20 mV/decade subthreshold swing and 500
pA/pm current drivability are achieved simultaneously. A pro-
cess flow for the 3D integration is also provided.
1. Introduction

Low power operation with a sufficient signal processing speed is
important characteristic of LSI for next generation mobile and ma-
chine to machine (M2M) applications ™. Tunnel Field Effect Tran-
sistor (TFET) ' has been paid much attention that can operate under
a low supply voltage due to its small subthreshold swing factor
(S-factor) of less than 60 mV/decade, which is the theoretical mini-
mum value of diffusion current at room temperature. However,
compared with diffusion current of thermal carrier emission, driva-
bility of tunneling current is much lower by several orders of mag-
nitude P, In this paper, we propose a novel tunneling and diffusion
current hybrid MOSFET utilizing both small S-factor of tunneling
current and high drivability of diffusion current. The basic working
principle and device structural parameter optimization are investi-
gated using device simulation.
2. The Device Concept

Fig.1 shows the cross-sectional view of proposed tunneling and
diffusion current hybrid MOSFET. Both n" and p" parts are used for
the source terminal for diffusion and tunneling current respectively.
The channel and the drain are commonly used for these two carrier
transports. The two current components are controlled by dual gate
electrodes (Gate 1 and 2) with the same voltage. Fig.2 shows band

diagram of (a) diffusion region and (b) tunneling region respectively.

The working principle of this device is to switch dominant current
from tunneling current to diffusion current. In the subthreshold re-
gion, tunneling current firstly flows with small S-factor of less than
60 mV/decade. Under the on-state the diffusion current overtakes
the saturated tunneling current to reach several 100 pA/pum.
3. Optimization of Hybrid MOSFET Structure

Fig.3 shows the simulated Ip-Vg characteristics of the structure
shown in Fig.1. Here, the BBT nonlocal model of TCAD Atlas by
SILVACO was utilized for device simulation in this work to calcu-
late the band to band tunneling current. In Fig.3, diffusion current is
larger than tunneling current at the all range of gate voltage, which
makes the effect of tunneling current unavailable. Fig.4 shows the
modified structure. We adopted a vertical tunneling structure ¥ to
boost the tunneling emission efficiency. By this structure the electric
field intensity is enhanced at the corner of p" source by Gate 2. An
introduction of n" layer (5 nm thickness) between p ' source and gate
insulator film at Gate 2 is for Vy, adjustment of tunneling current.
Diffusion part and tunneling part are separated by this p* source
extended under the gate, suppressing leakage current caused by
accumulation-type or junction-less channel (N,) between n” source.

Fig.5 shows the simulated Ip-Vg characteristics of modified struc-
ture. Tunneling current dominates the total current in subthreshold
region. The minimum value of S-factor of 17.7 mV/decade and a
relatively high drivability current of 472 pA/um were obtained by
the proposed hybrid MOSFET.

4. Examination of the Effects of Structural Parameters

It is important to adjust each Ip-V characteristics of diffusion and
tunneling current to obtain both small S-factor and high drivability.
Figs.6 and 7 summarize the effects of workfunction of Gate 2 and n”
region between p' source and gate insulator film at Gate 1, respec-
tively. The diffusion current can be tuned by the workfunction of
Gate 1, and tunneling current can be tuned by either concentration of
N,.: or thickness of T,,; as well as workfunction of Gate 2 as shown
in Fig.6 and 7. Fig.8 (a) and Fig.8 (b) show three types of leakage
current of various sets of L;/L, defined in Fig4. The first leakage
component is the diffusion leakage which flows from n" source
through accumulation channel (L;/L, = 80/30 nm). This leakage
depends on L; and increases when L, > 80 nm, the overlap length
(Lg-L;) is <20 nm. The second component is the tunneling leakage
from psource to n'layer (L,/L,= 50/20 nm). This leakage is caused
by n" layer which is not fully depleted by p* source. The third com-
ponent is tunneling leakage that flows directly from p'source to n”
drain (L/L,= 25/15 nm). This leakage is caused by punch-through
of p+ source and n"drain when L; < 30 nm at Vpg= 1.0 V. These
leakage current often results in increasing the S-factor. Therefore
Ly/L, must be optimized to minimize these leakage components.
Fig9 shows Ip-Vg characteristics of the condition that the gate
length is scaled down to 50 nm. Lg, L; and L, are reduced by half
respectively, and Vg is also decreased to 0.5 V. The effect of hori-
zontal tunneling leakage caused by halved L/, is sufficiently sup-
pressed. The obtained minimum value of S-factor was 21.4
mV/decade. This result implies the proposed hybrid MOSFET is
scalable with supply voltage scaling. Fig.10 shows minimum value
of S-factor versus on-current drivability for various structural pa-
rameters. The result with center parameters in Fig.4 is plotted at the
lower left, having the smallest value of S-factor.

Furthermore, Fig.12 shows 3D structure of tunneling and diffu-
sion current hybrid MOSFET and its proposed process flow. The
tunneling current side channel and diffusion current top channel are
integrated by the use self-aligned processes.

5. Conclusion

The novel tunneling and diffusion current hybrid MOSFET was
proposed and optimum structure simulated current-voltage charac-
teristics are demonstrated. A 20 mV/decade minimum S-factor and
500 pA/um current drivability are obtained simultaneously.
References
[1]P.F.Wang et al. Solid State Electronics. 48 (2004) 2281.

[2] W.M.Reddik et al., Proc.IEEE. (1995) 490.
[3]A.C. Seabaugh, Proc. IEEE. 98 (2010) 2097.
[4]Y. Morita et al. IEDM. 14 (2014) 245.

- 86 -



107 213yA
Vps=1.0V H
100nm W=1um (a) = 104 DS @Vss=1-0\,//(
ate Tox=1nm S .6 f Diffusion currentis larger than /,/’
n+ 1.0 X 102 -tvDe DO _ Diffusion 3 10 tunneling current. L
Source Drain EF .............. i =10 L
a2 \. Gate insulator c - ~ F o ob SSmin(Diffusion) e
a\ | /Diffusion [15nm 2onm n* £ 10°% Z103mvidecade .-~~~ SSmn
¢ n- 2.0 x 1015 _/: E, 0 1912 i =31.3mV/decade
iTunneling|[15nm | ’ Bv -% 14 i
Z Gate insulator | T 10 —Tunneling
n-type poly-Si 4.05eV Conductor _. . e . 101§ - --Diffusion
p+1.0x10% SRR | , Fig.2 Band diagram of (a) diffusion ! . .
. Gate 2 n+ 1.0x 10 . . . 10
region and (b) tunneling region 0.5 0 05 1

Fig.1 Concept viewgraph of tunneling and diffusion
current hvbrid MOSFET.

Gate Voltage [V]

Fig.3 Io-Ve characteristics of Fig.1 structure. Diffusion current
is larger than tunneling current at the all range of gate voltage.

Lz=100nm 2 102
w=1um 10 Vps=1.0V 472pA@Vs=1.0V 10+ Vps=1.0V -
ate _ f— -4 . — B -
n+ 1.0 X 1020 ) Tox=lnm g 10 Tunneling current overtakes g_ Tunneling Current -
Source 4 Drain 3 106 diffusion current. 7 _ . _._._. Z 106k N,,=3.0x 101%cm? S p
Gate insulator —.n8 Shin 108 Tpe=5nm B .
~ " 20nm 2 10°® ¥=17. 7mvidecade . €10 e
20nm - Ng;=2.0x 10 21010 #'SS o (Diffusi £ 1010 \
L,=30nm £10 7 SSpin(Diffusion) £10 7 WE
/ / =70.5mV/decade | 3
: O 1012 O 1012 - 47ev
p+ 1.0 X 102 Gate |nsu|atorm>m li c - Tunneling c .
Tp=Smm T iype poly-Si40sev | - |Conductor § 10 - -Diffusion | & 10 T
N,,=3.0x10 Gate 2 n+ 1.0 X 102 1076 _ ; —Total 1016
T,,=5nm 1048 F—=" - - ] 104 <I-.- .
Fig.4 Modified structure of Hybrid MOSFET. Each 05 GOt Vot 05 1 -0.5 0 05 1
parameter is adjusted so that tunneling current is larger  Fjg 5 lo-Ver, eyotage M s of Gate Voltage [V]

than diffusion current in subthreshold region and

S-factor of diffusion current is minimized.

102 102
(a) Vps=1.0V  Diffusion Current .| . (b) Vps=1.0V  Diffusion Current
£10* WF=47ev .~ =10 WF=4Tev .~
310-6 semmo=s DA glO'G i
= e P =
= 108 - S N =108
9] s ©
£ 1070 /7 --2.0x10%%m?3 c 10t
O 1012 ' —3.0x10%cm?| O 1012
c i c
‘T 1014 i ---4.0x10%m?3| ‘T 10-14
—'Low Conc [a)]
10-16 . ! To=5nm 1016 i N,,=3.0x10%°cm?
1018 ' ! 10718 — *
-0.5 0 0.5 1 -0.5 0 0.5 1

Gate Voltage [\/]

Gate Voltage [V]
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and high drivability are obtained.
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Fig.10 Minimum value of S-factor versus drain current of

various parameters. Plot @ is the data of Fig.9.
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Fig.11 (a) 3D structure of Hybrid MOSFET (b) Proposed process flow to fabricate 3D Hybrid MOSFET
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