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The Optimal Design of Junctionless Transistors with
Double-Gate Structure for reducing the Effect of
Band-to-Band Tunneling

Meile Wu', Xiaoshi Jin", Hyuck-In Kwon"", Rongyan Chuai’, Xi Liu’, and Jong-Ho Lee"

Abstract—The
(BTBT) leads to an obvious increase of the leakage

effect of band-to-band tunneling

current of junctionless (JL) transistors in the OFF
state. In this paper, we propose an effective method to
decline the influence of BTBT with the example of n-
type double gate (DG) JL metal-oxide-semiconductor
field-effect transistors (MOSFETSs).
current is restrained by changing the geometrical

The leakage

shape and the physical dimension of the gate of the
device. The optimal design of the JL MOSFET is
indicated for reducing the effect of BTBT through
simulation and analysis.

Index Terms—Band-to-band tunneling (BTBT),
double-gate (DG), junctionless field-effect transistor

(JLFET), device simulation, optimal design

I. INTRODUCTION

Multi-gate structure which contains double-gate (DG),
surrounding-gate and Tri-gate is considered to be a
formidable candidate when metal-oxide-semiconductor
field-effect transistors (MOSFETs) dimensions are scaled
down extremely due to its inhibition of the serious
influence of short channel effect (SCE). However,
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classical transistors with multi-gates still have to face the
challenge of ultrasharp doping profile. Recently,
junctionless (JL) MOSFETs which have no doping
concentration gradient between source / drain (S / D)
region and body region are proposed. The JL MOSFET
contains a silicon nanowire which needs a high doping
concentration to realize amount of current flowing in the
ON state [1]. The channel of the JL MOSFET is depleted
by piping out the electrons (n-channel) or holes (p-
channel) from the body region at lower gate bias, which
causes low current in the OFF state. With the increase of
gate bias, the depletion is reduced gradually. When the
channel region under the gate becomes electrically
neutral, an accumulation of carriers appear at the
interface between the silicon nanowire and oxide near the
gate electrode with further rise of gate bias. While, take
an n-type JL MOSFET as an example; the valence and
conduction bands of electrons in the silicon nanowire
under the gate are higher than source and drain regions
due to the depletion in the channel of the device. The
exacerbation of the depletion creates an overlap between
the valence and conduction bands in the channel and the
drain separately, which results in a tunneling of electrons
between the two bands. This is the effect of band-to-band
tunneling (BTBT) that leads to a significant leakage
current in the OFF state [2]. It means that the higher
doping concentration of silicon nanowire triggers larger
effect of BTBT.

At present, some research groups have already studied
the JL MOSFETs with
systematically and detailedly. The theoretical foundations
of JL FETs with double-gate [3], analysis of turned on
characteristics of JL nanowire FET at different drain

multi-gate  structures
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voltages and the potential under various operating
conditions [4], discrete doping-induced variability in
nanowire MOSFETs
quantum transport simulations [5], the impact of random

junctionless using dissipative
dopant fluctuation for several JL FinFET [6], et al can be
searched. Furthermore, some modeling results such as
theoretical model of the JL silicon-on-insulator (SOI)
FET [7] and a charge-based model of DG MOSFETs [8]
have been reported. Some groups studied the OFF-state
behavior of JLTs, and showed the effect of BTBT on JLT
operating in volume depletion in OFF state [2]. In
consideration of the significant influence of BTBT, it is
necessary to propose an effective way to decrease it. In
this paper, we present a method which includes the
change of the geometrical shape and the physical
dimension of the gate of the device with the example of
n-type DG MOSFETs. The method is explored and
demonstrated through TCAD simulations with Band-
Band (standard) model picking from band-to-band
models by SILVACO [9].

II. DESCRIPTION AND SIMULATION SETUP

The 2D schematic view of the reference DG JL FET is
shown as Fig. 1(a). Here, L and ?, are the length and
body thickness of the device separately, f,, is the gate
oxide thickness and f; represents the vertical distance
between gate sidewall and source/drain contacts. Fig.
1(b) shows the modified structure of the DG JL FET. In
the Fig., the values of # and ¢, are the change of Z,
and ?, . Through these modifies, the value of Zy5 and
t,. are increased to fy' and 7, ', which decline the
exhaustion of the channel in the body under the modified
part of the gate. Then the energy band distributions of the
carriers in the silicon nanowire near the gate sidewall are
changed. It slows down the reduction of energy band in
the body from the gate region to the drain and source
regions of the device, then lessen the overlap between the
valence and conduction bands in the channel and the
drain separately to reduce the effect of BTBT. The
simulation parameters of the DG JL devices are listed in
Table 1.
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Fig. 1. The 2D schematic view of the reference (a) and the
modified, (b) DG JL FETs. L and #, are the length and body
thickness of the devices separately, 7,  is the gate oxide
thickness and 7, represents the vertical distance between
gate sidewall and source/drain contacts. #; and ¢, are the
height and length of the thickly formed gate oxide near the
both edges of the gate, 7, and 7, are increased to 7'

; sp
and ¢, ', respectively.

Table 1. Parameters Used for Simulated DG JL FETs

parameters values

Channel length (L); 15 nm

Body thickness (t); 10 nm
Doping concentration (Ny); 10" cm™

Reference oxide thickness (to); 0.8 nm

Reference vertical distance between
gate sidewall and source/drain 5 nm
contacts (ty);

Height of the thickly formed gate
oxide near both edges of the gate (ty);
Length of the thickly formed gate
oxide near both edges of the gate (t1);
Modified oxide thickness (to' );

From 0.2 nm to 1.4 nm with a
step of 0.2 nm

From 0.5 nm to 4.5 nm with a
step of 0.5 nm

From 1.0 nm to 2.2 nm with a
step of 0.2 nm

From 5.5 nm to 9.5 nm with a
step of 0.5 nm

Modified vertical distance between
gate sidewall and source/drain
contacts (ty,' );
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II1. SIMULATIONS AND ANALYSES

Fig. 2 shows the conduction and valence bands of
reference DG JL FET at different Vg and Vg In the
OFF state (Vgg=-1.5 V), the effect of BTBT is apparently
observed especially at higher Vpg (Vps=1.0 V) according
to the simulation results. However, the influence of
BTBT can be reduced by making the gate oxide
thickness near both edges of the gate relatively thick as
shown in Fig. 1(b), since the thick edge oxide makes the
band bending relatively slow. The values of # and ¢,
are the height and length of the thickly formed gate oxide
near the both edges of the gate. By changing the two
values, the energy bands of carriers in the silicon near the
gate edge can be changed.

Firstly, the ¢, is set to be 0.7 nm (?,, =0.8 nm,
t,.'=1.5 nm in total gate oxide thickness near the gate
edge) and the value of ¢ is increased from 0.5 nm to
4.5 nm with a step of 0.5 nm. The simulated energy band
diagrams of the DG JL FETs biased at V,=0.2 V and
Vas=-1.5V are shown in Fig. 3(a).

Fig. 3(b) represents the valence band of the channel in
a part of the band bending between the channel and the
drain region. From Fig. 3(b), we can clearly see that from
the channel edge region to the drain region, the band
bending is obviously decreased by the rise of #;, which
will cause a lower possibility of the tunneling of
electrons from the valence band of the channel to the
conduction band of the drain. When ¢ is increased to

2.0 nm, the decrease of the band bending is insignificant
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Fig. 2. Conduction and valence bands of reference DG JL FET
with L=15 nm, #, =10nm, N, =10"° cm 7, Lo =5 nm and
t,, =0.8 nm at different Vg and V.
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Fig. 3. (a) Energy bands of the DG JL FETs with ¢, =0.8 nm,

foy'=1.5nm, ¢y, =5nmand f#; ranging between Onm and 4.5

nm biased at Vpg=0.2V and Vg=-1.5V, (b) Valence band of the
channel in the part of the band bending between the channel
and the drain region.

with the further rising of ;. Fig. 4(a) illustrates the I-V
characteristics of 15 nm DG JL FETs biased at a fixed
Vps of 0.2 V. The curves in ON and OFF states are
plotted in Fig. 4(b) and (c), respectively. Overall, the
increase of f reduces the leakage current in the OFF
state and conduction current in the ON state concurrently.
It can be seen that the diminution of leakage current is
inconspicuous after f# reaches 2.0 nm while the
conduction current still keeps dropping from Fig. 4(a)
and (b). Note the current in ON state decreases much
slowly compared to that of the current OFF state. We
calculate the threshold voltage difference ( AV )
between the V7, of the modified DG JL FETs with
£, =0.5 nm to 4.5 nm and the one of the reference DG JL
FET. The AVp-t; is shown in Fig. 5(a) and AVyy
decreases with the increase of #;. Simultaneously, the
Subthreshold slope (SS) increases with the increase of

according to the curve of SS-# which is plotted in Fig.



248 MEILE WU et al : THE OPTIMAL DESIGN OF JUNCTIONLESS TRANSISTORS WITH DOUBLE-GATE STRUCTURE FOR ...

10°E T T T T T T T -
e L=15 nm
t,=10 nm
107 £ t,=0.8nm = t=0nm 3
b t,=1.5nm * t=0.5nm
105k t,=5.0nm ! 4 t=1.0nm
EON=1x10"%em® 4 v t=1.5nm
T el Ves02V 2?' < t=2.0nm
-2 ! > t=25nm
¢ t=3.0nm
-7
10 + t=3.5nm
* t=4.0nm
10* * t=4.5nm E
1 1 1 1 1 1
15 1.0 05 0.0 05 1.0 15 20
Vesl¥)
1.2x10° ¢ :
L=15nm
148x10° E=10 M
Ft,=0.8nm

1.16x10° £t '=1.5 nm
Et =5.0nm
P

3
114610° by = 1x10™

1.12x10°

los®)

ON State 3
t=0 nm > t=2.5nm
t=0.5nm ¢ t=3.0nnm
t=1.0nm ¢ t=3.5nm
t=1.5nm ¢ t=4.0nm
t=2.0nm * t=4.5nm

< [ t=10nm .
~% ha
- t,=0.8 nm OFF State
[t /=15nm * t=0nm >
10° b tsp=5.0 nm ¢ t=05nm

E ND=1><1O1gcm'3‘ t=1.0nm e

[ V=02V v t=15nm -«
< t=20nm x t=4.5nm
1

-1.5 -1.0 -0.5
Vis(V)

Fig. 4. (a) I-V characteristics of the DG JL FETs with ¢, =0.8
nm, ¢, '=1.5 nm, ¢, =5 nm and ¢ ranging between Onm
and 4.5 nm biased at Vps=0.2V, (b) Curves of the current in the
ON state, (c¢) Curves of the current in the OFF state. The
increase of #; reduces the leakage current in the OFF state
and conduction current in the ON state. The diminution of
leakage current is inconspicuous after ¢, reaches 2.0 nm
while the conduction current still keeps dropping.

5(b). All the above aspects considered, # =2.0 nm
(% '=7 nm) is the appropriate choice with a certain 7,
for DG JL FETs to restrain the impact of BTBT. As the
¢, increases, the gate oxide thickness from both edges of
the gate increases, which is inferior to suppress the
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Fig. 5. (a) Curve of AVyy -t,. AVpy is the difference
between V7 of the modified DG JL FETs with ¢, =0.5nm to
4.5nm and the one of the reference DG JL FET, (b) Curve of
SS-¢, . With the increase of ¢;, AVry decreases and SS
increases.

electric field penetration to the source. Therefore, short
channel effect is increased, resulting in the decrease of
Vi and the increase of SS with increasing ;.

Now ¢ is set to 2.0 nm and change the value of ¢,
to find an optimum one through the same method. Fig.
6(a) shows simulated energy bands of the DG JL FETs
biased at Vge=1.5 V and Vp=0.2 V by changing ¢,
from 0 nm to 1.4 nm. The band bending between the
channel and the drain region of the eight DG JL FETs are
plotted in Fig. 6(b), respectively. The band bending in
this area is decreased by the rising of #,. Hence the
suppression of the BTBT is more evident with the higher
value of . The I-V characteristics of these DG JL FETs
at Vp=0.2 V are represented in Fig. 7(a), which shows
that the conduction current in the ON state and the
leakage current in the OFF state are both decreased with

increasing Z,. In the Fig. 7(b) and (c) which illustrate
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Fig. 6. (a) Energy bands of the DG JL FETs with ¢, =0.8 nm,
ty, =5 nm, t,'=7nmand ¢, ranging between 0 nm and 1.4
nm biased at f?DS=0.2V and Vgg=-1.5V, (b) Valence band of the
channel in the part of the band bending between the channel
and the drain region of the eight DG JL FETs. The band
bending in this area is decreased by the rising of ¢, .

the curves of the current in the ON and OFF state
severally, it can be seen that the lessening of the current
in the two states are both very small after 7, reaches 1.0
nm. Fig. 8(a) and (b) describe the curves of AV -1,
and SS-1, respectively. With the increase of #,, AVyy
decreases and SS increases. Moreover, the increasing rate
of the AVyy slows down after f, reaches 1.0 nm. By
considering all above aspects, we choose £ =2.0 nm and
t,=1.0 nm as an optimum parameters for reducing the
effect of BTBT for 15 nm DG JL FETs.

IV. CONCLUSIONS
We have proposed an approach to reduce the effect of

BTBT by selectively increasing the thickness of the gate
oxide near both edges of the gate of double-gate
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Fig. 7. (a) I-V characteristics of the DG JL FETs with ¢, =0.8

nm, fg,=5nm, f,"'=7nmand 7, rangingbetween Onm and

té
1.4 nm biased at ngO.ZV, (b) Curves of the current in the ON
state, (c¢) Curves of the current in the OFF state. Both of the
two kinds of current decrease with the increase of ¢, .

junction-less FET. The energy bands of carriers in the
silicon nanowire under this area are reformed by
changing the geometric parameters of the thickly formed
gate oxide. Finally we have selected # =2.0 nm and
t,=1.0 nm as the optimal design parameters in the
condition of the DG JL FETs with L=15 nm, ¢, =10 nm,
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Fig. 8. (a) Curve of AVyy -t,. AVpy is the difference
between Vyy, of the modified DG JL FETs with ¢, =0.2 nm to
1.4 nm and the one of the reference DG JL FET, (b) Curve of
SS-1t,. With the increase of ¢,, AVyy decreases and SS
increases.

N, =10" ¢m 3 by considering current of ON and OFF
states, the changing of AV, and SS, et al. The most
reasonable design of the JL FETs with other geometric
parameters can be given by this method for controlling
the influence of BTBT.
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