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Abstract. The Multigate (Double-gate) MOSFET has been proposed for high
voltage and high-power applications with decreased short channel effects and
drain current with gate overlap. This model takes in to account the short-channel
effects (SCEs) in thin-layered MOSFETs with large drain regions by incorpo-
rating the drain resistance effect in the device. As a result, the device’s SCEs
are reduced. The gate contact overlapped region significantly affects the device
operation for high-voltage FETs. These effects are modeled by self-consistent
solutions of available multigate MOSFET device models with potential distribu-
tion. Multi-gate devices offer a significant benefit of enhanced SCE, as the gate
controls the channel electrostatically from multiple sides and increased on state
drive current which results in faster circuit speed. The demonstrated model can be
further applied for size limitations in the modeling of multigate MOSFETs.
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1 Introduction

Nowadays, low and high-voltage devices are incorporated on a single chip for specific
applications where the low-power circuits control the high-voltage switching circuits
[1]. Reducing the channel length became essential for integrating high-density circuits
in a chip and prone to generating short channel effects. These effects are decreased by
considering the ultra-thin layer of multigate MOSFET structures [5]. Despite the use
of an ultra thin channel layer, reducing short channel effects remains critical [9]. The
thin layers of the device can be prepared with numerical device simulations [10]. This
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paper models the short channel effects with ultra-thin layers, overlapped contact regions,
and constant potential distributions. The potential distribution is considered at the drain,
source, and in center of the channel. There is no degradation in the performance of
the device due to being heavily doped at source/drain regions, and current density can
increase with large conductivity [11].

The MOSFETs are required for high voltage and high power applications [13].
Accordingly, the MOSFET has been optimized to work at high voltages and is achieved
at the edge of drain contact [18]. The high voltage operation is achieved due to the
effect of high drain resistance caused by increasing drain contact length and decreasing
the drain region’s doping concentration. This work focuses on modeling short-channel
effects and drain current of multigate (double-gate) MOSFET for high—voltage/power
applications by targeting the 2 V to 3 V range as high voltage and 1 V to 1.3 V range
as low voltage. Also, the device’s performance is analyzed with different gate and drain
voltages. The drain resistance effect and short channel effects are also studied in the
proposed model and can be valid for both high and low voltages. In model development,
the complete potential distribution present in the device is considered by including the
effect of drain and gate overlap length effects.

2 Device Structure

The cross-sectional view of the multigate (double gate) MOSFET is shown in Fig. 1.
The device structure is designed and analyzed using a 2D numerical TCAD tool where
the device physics is included [19].

The DG-MOSFET has a lightly doped long drift region to work for the given high
voltages in the device. The drift—diffusion model using the Poisson equation and carrier-
continuity equation is utilized for the simulation analysis at 300 K. The drift-diffusion
approximation helps in realizing transition for different bias conditions. In order to incor-
porate well quantum confinement effect in to the energy sub-bands for two dimensions,
the diffusion and drift space mode method has been utilized. Additionaly, the model
derivations have involved the use of the Newton-raphson method.

Fig. 1. Cross-sectional schematic view of considered multigate (double-gate) MOSFET
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Table 1. The symbol definitions along with the parameter values used in the calculation and
model development of the proposed device structure

Parameter Definitions Values

L Channel Length 25nm

w Channel width lum

Na Channel region dopingconcentration 1015¢em—3

Nps Source region doping concentration 1020¢m—3

Npp Drain region doping concentration 1019¢m—3

tox Oxide equivalent thickness 1.5nm

ts Silicon material thickness 10nm

Laiff .a Drain region length 75nm

Laif s Source region length 75nm

Lover Channel overlap region length 10nm

DOS Conduction-band density of state 3.24e17 m—2v~1
"o Low field mobility 900cm2.v—1s1
Vsat Velocity Saturation 1 x 107cm /s

The meshing of structure is selected by Deck Build Editor for exact simulation of
all corners of the proposed device to step up the efficiency. Numerical-based simula-
tions are performed by physical parameter models such as FLDMOB CONMOB and
CVT, Fowler-Nordheim. The SRH and Auger recombination models are considered for
minority-carrier recombination. The results obtained by models and methods are ana-
lyzed, and output data is extracted in the Tony-plot window. The definition of symbols,
parameters, values used in the calculation, and model development are enumerated in
Table 1.

3 Model Development

3.1 Short Channel Effects

Analytically modeled and numerically simulated V-I characteristics with different drain
voltages of the considered device structure are shown in Fig. 2. The SCEs arise due to the
deep large current flow in the center of the device being controlled by the electric field.
The current density of the channel and between two gate regions with Vgs = 50 mV and
Vgs = —0.5 V is shown in Fig. 3. It is observed that the current density is maximum at
centre of the channel.

The presence of an inversion layer at the interface between the gate and channel
can lead to a reduction in the deep current flow increasing V. The charge distribution
in the channel region is considered for modeling of short-channel device effects due to
the flow of charge from source-channel-drain junctions in the channel region along the



Modeling and Simulation 571

04 Line: Model 3
Symbol: Simulation

te =10 nm
tox =2 nm
Npp = Npg = 1020 cm™3

Na=10"5cm3

Drain Current, l4s (MA)
i

-124 T T T T T T T
02 04 06 08 10 12 14 16 18 20
Gate-Source Voltage, vgs (\]

Fig. 2. V-I characteristics with different drain to source voltages
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Fig. 3. Current density at the center of the channel

y-direction with cubic function [20].
0 =K, 0+ K1)’ +K2 (1)

The parameters Ko, Ki and K, are the function of the charge present at source-
channel-drain junctions and are described in Table 2. The other parameters used in
model development with definitions are described in Table 2.

The potential gradient Ky is obtained by solving Poisson’s equation for proposed
structure [21]. The minimum potential K allows the maximum drain current along the
y direction at a subthreshold state when ymin = K1ymin = K1. The potential distribution
at channel, drain, and source junctions would overlap by decreasing the length of the
channel, and its consequences would be the increase of minimum potential (K2 = Pmin),
as shown in Fig. 4.

The ¢min Will increase along with the long channel structure, and it is denoted as
[20]

L,—L

Abmin(Ves, Vs, L) = —24,(Yinin — )? 2)

Here, Y,;in is denoted as the minimum potential position along the direction of the
channel, which can be determined from the potential fields originating at the channel-
source, channel-drain junctions and is written as

Ymin = _Vdi/Esource + Eprain (3)
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Table 2. The parameters and their expressions used in model development

Parameter | Definitions Expression
Ko Channel potential gradient sign(y).(Vpi source — @min)/ Lo/ 2)3
K Minimum charge present at a position | Yinin
along the y-direction
) 6) Minimum potential Pmin
Vi.source | Built in potential at channel-source g1 hm%)
interface i
Vbi.drain Built in potential at channel-drain pL. ln(N"d'zNA )
interface ;i
Esource Maximum electric field present at Vi source +Vs—¢min)
channel-source interface ¢
Ejrain Maximum electric field present at Vi draint Vs —@min)
g X7,
channel-drain interface
XJ, Scaling parameter for length V Eststox/2€0x) (1 + &5ts [Hox)

Vi is potential difference at source channel drain junction edges.

Egrain and Egyy,c. are the electric fields originating at drain and source junction
regions which are determined from the doping concentrations at the respective junction.
The lateral distribution of potential influencing the device characteristics is modeled by
considering the change in ¢, [22] as

V(/; = Vgs — Vi + A(l"min (4)

Here, VC’; is utilized to determine surface-potential (¢5) at the gate to channel inter-
face, which is calculated by Gauss law and the self-consistent solution of the Poisson’s
equation is written as

L 04
B0) = Vit =

(&)

Here, Qy; is the charge present in the channel, C,,, is the gate oxide capacitance. The func-
tion s (y) ¢s(y) is iteratively solved by the Newton-Raphson method, which includes
analytical initial accurate value to improve the speed of calculations. Only the drain-side
and source-side channel regions are solved in place of the complete channel’s Pois-
son equation solution by taking quasi-Fermi distribution in the channel region with
approximations of drift-diffusion.

The gate capacitance with respect to applied gate voltage characteristics is analyzed
to estimate the short channel device effects and is shown in Fig. 5. The short channel
effects are raised by induced deep leakage current in the channel, and related charges
appear in the total gate capacitance over the threshold region.

The short channel effect impacts parameters such as threshold voltage roll off, thresh-
old voltage reduction, and subthreshold swing, which are shown in Fig. 6 with higher
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Fig. 4. TCAD numerical simulation results of the distribution of potential in the center of the
channel for different channel lengths and thicknesses at Vg = 10 mV and 40 mV
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Fig. 5. The gate capacitance in respect of applied gate voltage characteristics for different applied
drain voltages with L = 20 nm and tg = 10 nm

drain side doping of 10?° cm~3. From these results, it is observed that the reduction of
short-channel effects is improved.

3.2 Effect of Depletion Region and Drain Resistance

The two effects that are dominant when low doping at the drain region are: (1) the
extension of depletion region through the operation of the short channel device’s sub-
threshold swing (2) The effect of drain side resistance region through applied high drain
and gate voltages. These two effects are included in the development of DG-MOSFET
[23]. The effect of drain region resistance increases due to the distribution of potential
expansion into the deep drain region with low doping concentration [18]. The gate region
extends towards the drain side at the gate edge due to the drift region and the current flow
in the channel. The potential generated at the gate region edge towards the deep drain
side causes increasing drain resistance with small Npp. The local point Vpp surrounded
by the overlapped gate region refers to the gate control endpoint, and it is calculated
by the current flow in the channel and drift region current. The flow of current in the
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Fig. 6. The short channel effect parameters with respect to channel length variation (a). Threshold-
voltage roll-off (b). Threshold voltage reduction, and (c). Subthreshold swing
channel region is expressed as

Heff
B

The flow of current in the drift drain region (Ippp) is given as [24]

iy =2 [(QnL 00 - g - (Ont — 00) (51— Qso)] ©)

_ ) Vddp 7
Iddp—W~Xov-Wq-NDD~Mdnﬁ-—L (7N
drift

Vaap = Vas — Vap ®)

Here, Xpov Xov and W are the current flow under the extended depth of overlap region
and width. The V44, can be determined by the difference in the concentration of drift
drain, a channel region, and drift channel length. The depletion region extended due
to the operation of a short channel device in the subthreshold region. The V; can be
calculated by the drop of potential at the drain region of the depletion region [19] and is
shown in Fig. 7.

Vai = Vdp + Vbidrain — Vbisource — Edrain * Wdep_D/2 )
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Fig. 7. The potential distribution for various drain side doping concentrations and drain voltages
at the middle of the channel (x = 0)

The Egrin - Waep_p/2 is the potential drop generated additionally due to the small
charge density at the drain side of the device.

The modeled and simulated Vgs-1gs characteristics are shown in Fig. 8a for Vg5 =
40 mV and Fig. 8b for Vgs = 1V with various channel lengths and drain side doping
concentrations. It is observed that the degradation of sub-threshold swing enhanced with
both high and low drain voltages for Npp reduction. Also, the effect of drain resistance
is drastically improved with decreasing channel length.

Upon validation with 2D numerical simulation at higher voltages, it is observed
that the proposed device structure exhibited favorable agreement between simulation
results and the model. The modeled and simulated Vg-1gs characteristics for different
drain voltages with L = 20nm, t; = 10nm, and Npp—10'8¢cm=3 is shown in Fig. 10(a).
Figure 10(b) shows the transconductance characteristics of DG-MOSFET for different
values of Vgs. The transconductance has no dependency on Vs, which is called quasi-
saturation behavior. An abrupt change in g, has been observed with an increase in the
applied voltage V.
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Fig. 8. The modeled and simulated Vg-Iqs characteristics at (a). Vs = 40 mV and (b). Vg5 =
1 V for various channel lengths and drain side doping concentrations
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Fig. 9. The modeled and simulated (a). Vgs-Igs characteristics with different drain voltages with

L = 20nm, ty = 10nm, and Npp = 1018¢m=3 and (b). Transconductance characteristics with
different drain voltages

4 Conclusion

An analytical model with surface potential is developed for high-voltage applications to
address the SCEs and drain current of double gate MOSFET. The analytical modeling
incorporates various biasing conditions using drift-diffusion approximations. The devel-
oped analytical model includes the effects of the high resistive drain region and the impact
of the short channel device by considering the potential distribution along the channel.
From the results, it is noted that device effects with short channel are reduced explicitly
with reducing the small amount of resistive region at the drain side and consequences to
affect the distribution of potential in the overlapped drain region. The increasing overlap
length can reduce the effects of short-channel devices. The developed analytical model
results are justified with numerical simulation results and found in good agreement, and
this model can be applied for even changing the device dimensions in the modeling of
multigate MOSFETs.
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