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For the first time, a distinctive approach to design and investigate double-gate Schottky Barrier MOSFET (DG SB-MOSFET) using
gate engineering is reported. Three isolated gates (one Control gate and two N-gates) of different work-functions on both sides of
the gate oxides have been used. In the proposed device, without the need of doping, n-type region is formed at the source/drain
contact-channel interfaces by inducing electron in the ultrathin intrinsic silicon channel using appropriate work-function metal N-
gates. Using N-gates, the Schottky barrier height and tunnelling barrier width have been modulated to enhance the carrier injection
similar to conventional dopant segregated (DS) SB-MOSFET. Moreover, the proposed DG SB-MOSFET behaves such as a
conventional DS SB-MOSFET. The proposed device is expected to be free from variability caused by random dopant fluctuations.
Furthermore, it offers simplified process flow with relaxing the need of doping to form dopant segregation layer and increased

immunity to device variability.

1. Introduction: Over the past decade, as continued dimensional
scaling approaches to 22-nm technology node, Schottky barrier
(SB) MOSFETs have gained renewed interest as an attractive
candidate for future high performance CMOS ICs [1-3].
SB-MOSFETs offer the inherent advantages such as immunity to
short channel effects, low source/drain (S/D) parasitic resistances
and scalability to sub-10 nm gate length dimensions [4, 5]. In
SB-MOSFETs, ultra shallow junctions with low resistivity can be
easily formed using metal S/D in place of doped S/D. However,
in this device, due to existence of intrinsic SB present at the S/D
contact-channel interfaces, the low drive current is a major
challenge to be overcome. In the past, a lot of efforts have been
made to enhance the on-state performance of the conventional
SB-MOSFETs, by using critical new channel materials, including
Si, Ge, lII-V compound semiconductors (InAs, InP, GaN etc.)
and low Schottky barrier height (SBH) metal silicides (ErSi,_,,
YbSi,_,, DySi,_,, and PtSi etc.) [6-8]. Recently, effective barrier
height engineering using dopant segregation during silicidation
has been widely adopted by the various research groups to
improve the electrical characteristics of the device [9, 10]. In
dopant segregation, a thin highly doped layer is formed at the
S/D contact-channel interfaces, which enhances the tunnelling
probability of carriers owing to strong band bending. However,
introducing dopants to modify the effective SBH, results device
variability caused by discrete random dopant fluctuations (RDF)
[11, 12]. Due to the discrete dopants position, variability in SB
profile is observed, which influences the tunnelling current of the
device. Moreover, as device dimensions goes below 10-20 nm
node with ultrathin silicon channel, this discrete RDF strongly
influenced DC as well as high frequency performance and shows
more variability than the doped S/D devices [11, 13]. In
conventional dopant segregated (DS) SB-MOSFET variability is
mainly due to RDF and process induced fluctuations. Hence, to
overcome the aforementioned issues, in this Letter, we propose
and investigate a distinctive approach to modify effective SBH
and the tunnelling barrier width. By using two additional N-gates,
without introducing dopants in the proposed double-gate Schottky
Barrier MOSFET (DG SB-MOSFET), we obtained similar
behaviour and identical DC performance to the conventional DS
SB-MOSFET. The proposed DG SB-MOSFET is expected to be
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free from variability caused by RDF and requires low thermal
budget with elimination of doping.

2. Device structure and simulation: The cross sectional view of
conventional DS SB-MOSFET and the proposed DG
SB-MOSFET is shown in Figs. la and b, respectively. The
device parameters for the conventional double gate DS
SB-MOSFET used in simulations are: intrinsic silicon channel
concentration (n;) =1 X 10" em™, silicon channel thickness
(Ts))=10nm, gate oxide thickness (7,4)=1nm, control-gate
length (Ly)=20nm, control-gate work function @,,=4.7¢€V,
control gate underlap length (L,,)=2nm, dopant segregation
layer (DSL) length (Lgg) =35 nm and n-type doping concentration
of DSL (Ny)=1x10"ecm™. The SBH ®,=025¢V is
considered for both the devices for fair comparison. The SBH
(®,) is calculated as @, =D, — ys;, where @, is S/D metal work
function ®,, and yg; is the electron affinity of silicon [14]. Here,
we have taken work function of 4.42 eV to form Schottky S/D
contacts in both the devices. The electron affinity (ys;) of silicon
is considered as 4.17 eV [15-17]. The simulation parameters for
the proposed DG SB-MOSFET is same as mentioned above,
except for inducing n-region on the intrinsic silicon channel close
to S/D contact-channel interface to modify effective SBH and
tunnelling barrier width, two additional gates named as N-gates
are employed. Therefore, for maintaining induced carrier
distribution uniform beneath the N-gates, silicon film thickness
has to be kept within the Debye length, that is

Lp = V(&siV1)/(gN) ()

where e€g; is the dielectric constant of silicon, Vr is the thermal
voltage, and N is the carrier concentration in the Si channel [16].
The spacer oxide thickness (Ls,) between the control-gate and
two N-gates is taken as 2 nm for isolation, similar to L,,, used in
conventional DS SB-MOSFET. In proposed DG SB-MOSFET,
the N-gates length (L,.gae) is chosen 5nm same as Lgg to
maintain  induced effective thermal equilibrium carrier
concentration similar in both the devices. The N-gates having
metal work function of 3.9 eV, corresponds to metal hafhium is
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Fig. 1 Cross sectional view of
a Conventional DS SB-MOSFET
b Proposed DG SB-MOSFET

considered for simulation. The basic idea applied here for proposed
device is to convert the intrinsic channel region in to a (n-i-n) region
without doping, similar to conventional DS SB-MOSFET, where
n-region corresponds to DSL at source side, i-region corresponds
to intrinsic channel and another n-region corresponds to DSL at
drain side. Therefore, we eliminate the requirement of doping to
form highly doped layer (n-type) at the S/D contact channel
interface. Using this approach, we effectively modulate the
effective SBH and tunnelling barrier width for electron transport
over and through the large and thin SB. To accurate calculations
of thermionic and tunnelling current extensive simulations have
been performed using Silvaco Atlas 2D device simulator [15].
For tunnelling current estimation, universal Schottky tunnelling
model is used, where probability of charge carrier is calculated
by assuming a triangular barrier using Wentzel-Kramer—Brillouin
(WKB) approximation [18]. We also considered drift-diffusion
current transport model in the simulations. The mobility effects
are included in simulations using concentration dependent and
field dependent mobility models. The SBH lowering effects are
considered using image force barrier lowering model. We have
calibrated simulation model parameters by reproducing published
results reported in [9].

3. Results and discussion: Under thermal equilibrium (Vgg= Vpg
=0), electron and hole concentration along the horizontal cut lines
from the centre of the channel are shown in Fig. 2a. It is clearly
observed that at thermal equilibrium the induced electron
concentrations are similar in proposed DG SB-MOSFET and
conventional DS SB-MOSFET, which corresponds to (n-i-n)
region. The reason is, employing metal (for N-gates) having low
work function than the silicon channel of high work function,
results electrons begins to accumulate beneath the N-Gates and
form the induced n-region [17]. Although, in both the devices, to
form Schottky S/D contacts with SBH of 0.25 eV, we have taken
higher work function of about 4.42 ¢V. Hence, work function
difference is created between S/D metal and N-gates. As a result,
induced effective thermal equilibrium electron concentration in
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Fig. 2 For conventional DS SB-MOSFET and proposed DG SB-MOSFET
a Thermal equilibrium electron and hole concentration
b Thermal equilibrium energy band diagram

proposed DG SB-MOSFET is less than the doping concentration
of DSL region. This is due to the fact that employing high work
function metal to form S/D contact reduces the electron
accumulation near the S/D contact-channel interfaces region, due
to depletion is occurred in this region. Similarly, in conventional
DS SB-MOSFET thermal equilibrium electron and hole
concentration is less than the actual doping of DSL region.
Fig. 2b shows the thermal equilibrium energy-band diagram of
both the devices. It is observed from the figure that the
conduction band and valence band of both the devices is
following the same trend, which shows the similar behaviour of
proposed DG SB-MOSFET with the conventional DS
SB-MOSFET. Furthermore, we also observed that employing
N-gates modify the conduction band edge at S/D contact-channel
interface in proposed device similar to conventional DS
SB-MOSFET. Therefore, in this state due to large and thick SB
of height 0.25 eV, the carrier injection over and through the
barrier is restricted ideally. Although, due to thermal emission of
carrier over the barrier leakage current flow in the device.

Fig. 3a shows the on-state (V5= Vps=1), electron and hole con-
centration distribution along the horizontal cut lines from centre of
the channel. It is observed that at V= Vpg=1, the electron con-
centration along the channel increases and corresponds as n-type
channel region. The on-state electron and hole concentration distri-
bution of proposed DG SB-MOSFET resembles the conventional
DS SB-MOSFET. The on-state energy band diagram is shown in
Fig. 3b. From this figure, we note that by applying positive bias
on control gate the conduction band edge of both the devices
shifts downward due to band bending, which increases tunnelling
probability of electrons, results from reduction in effective tunnel-
ling barrier width. In proposed structure, we effectively modified
the tunnelling barrier width and SBH for electron injection at S/D
contacts-channel interface similar to conventional DS
SB-MOSFET. Fig. 4 demonstrates the transfer characteristics of
conventional SB-MOSFET, conventional DS SB-MOSFET and
the proposed DG SB-MOSFET. The proposed DG SB-MOSFET
has similar DC characteristics to conventional DS SB-MOSFET.
It is observed that conventional DS SB-MOSFET and proposed
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Fig. 3 For conventional DS SB-MOSFET and proposed DG SB-MOSFET
a On-state electron and hole concentration
b On-state energy band diagram
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of 3.9eV

DG SB-MOSFET achieve the approximately identical on-state
current of about 1.03 x 10™* A/um and 9.73 x 107> A/um respect-
ively, at VGS: 1.0 V and VDS: 1.0 V. For VDS: 1.0 V and VGS:
0V, the off-state current of the proposed DG SB-MOSFET is as
low as 8.87 x 10711A/ pm. Furthermore, the subthreshold swing
(SS) of proposed DG SB-MOSFET is found to be 69 mV/decade
and is same as for the conventional DS SB-MOSFET. Moreover,
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Fig. 5 Energy band diagram of proposed DG SB-MOSFET with different
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both the devices have the similar on to off current ratio (Ion/Iopr)
of about ~10°. However, the conventional SB-MOSFET has infer-
ior performance as compared with the proposed DG SB-MOSFET
in terms of low on-state current of 1.94 x 107> A/um, high SS of 70
mV/decade and low Ion/Iopr less than 10°.

To analyse the effect of N-gate work function on device perform-
ance of the proposed DG SB-MOSFET, we have considered five
different values of N-gate work function as 3.9, 4.1, 4.3, 4.5 and
4.7¢eV. The on-state energy band diagram at centre of the
channel of the proposed DG SB-MOSFET with different N-gate
work function is shown in Fig. Sa. In the on-state, as N-gate
work function increases, the tunnelling barrier width for electron in-
jection at the source side SB increases, leading to a reduction in
on-state tunnelling probability. For N-gate having low work func-
tion of 3.9 eV, the tunnelling barrier width is narrower than the tun-
nelling barrier width of N-gate having high work function.
Therefore, the on-state tunnelling probability is large for N-gate
having low work function of 3.9 eV, which results in increased
on-state current. The off-state energy band diagram at centre of
the channel of the proposed DG SB-MOSFET with different
N-gate work function is shown in Fig. 5b. In the off-state, the in-
crease in N-gate work function reduces the tunnelling barrier
width for hole injection at the drain side SB, which results increased
off-state tunnelling probability [19]. As a result, for increasing
N-gate work function off-state current of the device increases.
However, in proposed device by employing N-gate having low
work function of 3.9 eV, the off-state current is significantly mini-
mised. Fig. 6 shows the transfer characteristics of the proposed DG
SB-MOSFET as N-gate work function is varied from 3.9 to 4.7 eV.
As expected, it can be observed that with increasing N-gate work
function the on-state current (at Vgg=1.0 V and Vps=1.0 V) of
the device reduces. In addition, for increasing N-gate work function
the SS of'the device is also increases. The off-state current (at Vg =
0V and Vps=1.0 V) is higher for N-gate having high work func-
tion. However, in the proposed device, by considering N-gate
work function of 3.9 eV, we achieve high on-state current, low off-
state current, and low SS as compared with N-gate having high
work function.

We now investigate the effect of N-gate length of the proposed
DG SB-MOSFET on device performance, for this purpose, we
have chosen N-gate length as 5, 7, 9, 11 and 13 nm with 2 nm
spacer oxide thickness between control gate and N-gates. The trans-
fer characteristics of the proposed DG SB-MOSFET with different
values of N-gate length are shown in Fig. 7. It can be seen from the
figure that variation in N-gate length does not make much difference
on device performance. However, for low value of N-gate length,
we obtained higher on-state current than the high value of N-gate
length. As N-gate length increases, the separation between source
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Fig. 6 Transfer characteristics of the proposed DG SB-MOSFET with dif-
ferent N-gate work function
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Fig. 7 Transfer characteristics of the proposed DG SB-MOSFET with dif-
ferent N-gate length

and drain contacts identical to effective channel length increases,
due to this on-state current of the device decreases. The off-state
current and SS of the proposed device is approximately same for in-
creasing N-gate length.

For investigating the effect of channel thickness on device per-
formance, five different values of channel thickness as 6, 7, 8, 9
and 10 nm is considered. Fig. 8a shows the on-state energy band
diagram at 2 nm below the oxide-semiconductor interface of the
proposed DG SB-MOSFET with different values of channel
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Fig. 8 Energy band diagram of proposed DG SB-MOSFET with different
channel thickness
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Fig. 9 Transfer characteristics of the proposed DG SB-MOSFET with dif-
ferent channel thickness

thickness. In the on-state, as channel thickness decreases the tunnel-
ling barrier width at the source side SB reduces due to increased gate
control over the channel [20, 21]. Consequently, the on-state tunnel-
ling probability increases and results in increased on-state current.
However, further decreasing the channel thickness below 6 nm
increases the effective SB height due to quantum confinement of car-
riers [20]. As a result, on-state performance of the proposed device
degraded, which is not shown here. Fig. 85 shows the off-state
energy band diagram at 2 nm below the oxide-semiconductor inter-
face of proposed DG SB-MOSFET with different channel thickness.
In the off-state, for decreasing channel thickness the conduction
band edge shift upwards. This in turn, reduces the thermionic emis-
sion of the charge carrier over the source side SB leading to reduc-
tion in off-state current. The transfer characteristics of the proposed
DG SB-MOSFET with different channel thickness are shown in
Fig. 9. It is evident from the figure that on-state current increases
with the reducing channel thickness. Similarly, as shown in figure,
for thinner channel, off-state current of the device is lower.
Moreover, SS of the device is also improved for thinner channel.

4. Conclusions: In this Letter, we have successfully investigated a
novel approach to design DG SB-MOSFET using gate engineering.
In proposed device, we have effectively modulated the SBH and
tunnelling barrier width for carrier injection using two additional
N-gates. The proposed DG SB-MOSFET has similar behaviour
and DC performance to the conventional DS SB-MOSFET and
improved performance as compared with conventional SB-
MOSFET. Our results demonstrate that the requirement of high
energy implantation of dopants as in dopant segragation is
completely eliminated in the proposed device, which offers the
simplified process flow and immunity to device variability. Due
to the absence of dopant atoms, the proposed DG SB-MOSFET
is free from RDF. The proposed approach to implement DG
SB-MOSFET is also applicable for nanowire type SB MOSFETs
and provides incentive for further research and experimental
verification.
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