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Abstract

All transistors in use currently are based upon the laws of junctions. But due to dimensional scaling of the MOS
transistors, the fabrication of the lower dimensional MOSFETs is becoming difficult due to the presence of the two
Jjunctions at source and drain sides. There is also decrement in the ON state current due to smaller dimensions of the
transistors, since the current mainly flows through the inversion layer created at the SiO,/Si interface. One alternate option
for the improvement of the above mentioned characteristics was demonstrated by Colinge et. al. by Junctionless (JL)
Transistors in the year 2010, which was conceptualized and patented by Lilienfield in 1925. The effect of the dimensional
scaling on JL transistors are still to be explored in submicron regime. Being the depletion mode device, the JL devices are
normally ON even in the absentia of the gate potential. So, to turn these devices OFF, one has to apply a gate potential. In
this paper we propose a JL cylindrical surrounding gate (CSG) MOSFET using triple metal gate (TMG) structure to
overcome this limitation of the Junctionless transistors. With the use of the TMG structure, many other parameters have
also been observed to be improved. The analog and RF parameters of proposed junction less triple metal cylindrical
surrounding gate (JLTM CSG) MOSFETs like transconductance, transconductance generation factor, intrinsic gain, early
voltage, cutoff frequency, maximum frequency of oscillation, gain bandwidth product etc. have been verified to be also
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improved using the extensive 3D TCAD simulations.
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Introduction

Due to the aggressive scaling of transistor the sizes are now of
nanoscale regime. At these sizes it is very hard to control the
sharp source/drain-channel junctions’ from the device
fabrication point of view. However, if the junctions are removed
by forming the source/drain and gate of same type of material
then also it is possible to get a transistor like action called as
Junction Less (JL) transistors. The idea was first filed for patent
by Julius Edgar Lilienfield on 22" October 1925"* . This device
was recently fabricated by Colinge et. al’ at Tyndall National
Institute with gate length of 1um . These transistors are quite

different than the conventional junction transistors in terms of
working. Since there is no junction involved hence the device
sizes can be scaled to very low dimensions. This will decrease
the transit time of the carriers across the channel leading to high
performance transistors. The device is turned OFF by applying a
proper gate biasing voltage to deplete the channel charges;
hence the channel thickness has to be taken at most to the
maximum depletion depth that can be obtained, typically 10 nm
or less®”.

Haijun et al’ and Santosh et al'® has recently reported a
Junctionless MOSFET using dual metal gate structure using 3D
numerical simulations. They have reported excellent properties
of the dual metal structure at lower gate voltage overdrive. The

International Science Congress Association

gate length ratio and workfunction difference significantly
affect the transistor characteristics.

At extremely short gate lengths of 100 nm and below the short
channel effects (SCEs) can be seen to be dominating as is
observed in the conventional (with junction) or inversion mode
transistors. For minimizing this effect a surround gate structure
with cylindrical cross section looks to be promising, because it
controls the channel from all around. To further reduce the
SCEs, similar to inversion mode transistors, the gate material
engineering using triple metal gate structure has been proposed
in this paper below 100 nm gate length. A 3D TCAD simulation
has been carried out to evaluate the analog and RF performance
of the proposed junction less triple metal cylindrical surround
gate JLTM CSG) MOSFETs.

The paper is arranged in following IV sections. In section II the
generic JLTM MOSFET structure parameters has been
explained. In the section III, first the DC characteristics of
JLTM MOSFETs have been extracted and compared with a
junction less single metal (JLSM) MOSFET of identical
dimensions. In the latter part of the section, the analog
parameters of JLTM have been compared with JLSM. Section
IV shows the scaling of different DC, analog and RF
performance parameters with gate length scaling of the JLTM
MOSFETs.
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Methodology

Device Fabrication
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Figure-1
3D view of Junctionless Triple Metal Cylindrical
Surrounding Gate (JLTM CSG) MOSFET

JLTM CSG MOSFET’s structure as shown in figure-1, were
generated using the sentaurus structure editor tool of the
synopsys sentaurus TCAD. A typical device structure with triple
gate structure is shown as in figure-1 with Ll1=L3=10nm,

L2=30nm and R=10nm . Highly doped silicon with

2.0x10™" em™ (arsenic) was used as source/drain and channel
regions. The three laterally contacting gate materials used are
Gold (workfunction, @y;; =4.8eV'), tungsten ¢, =4.6eV and

titanium ( @y;3 = 4.4eV) respectively. The gate oxide thickness

(S0, ) has been taken to be Inm for all the devices under

consideration. The results of JLTM has been compared with a
typical junction less single metal (JLSM) CSG MOSFET of gate
length 30nm (titanium) with all other device parameters taken
to be identical.

The device has been simulated using 3D device simulation tool
sentaurus device of synopsys sentaurus TCAD. Poisson’s
equations with density gradient models have been solved for the
JLTM and JLSM CSG MOSFETs both. Density gradient
quantization models applicable for the simulations of quantum
wells, SOI structures and MOSFETs have been used to get
reasonable description of terminal characteristics. These devices
are first simulated to get the DC and analog characteristics and
later ac simulations have been carried out to extract the RF
characteristics.
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Results and Discussion

Electrical characteristics: Figure-2(a), 2(b), 2(c) and 2(d)
compare the electrostatic potential, electron density, electric
field and electron velocity respectively at the SiO,/Si

interface. Electrostatic potential under the gate M1of JLTM
CSG(LL1) does not change with changes in Vg due to the use

of triple metal structure in the gate. This effectively reduces the
SCE:s. Electron density at the source end is higher for the JLTM
CSG. Electric field for the JLTM CSG is higher at the
source/drain ends. The higher electric field at the source end is
good in the sense it provides higher injection velocity of the
carriers into the channel from the source, but, the higher electric
field at the drain end may lead to hot carrier effects (HCEs).
Electron velocity is relatively lower for the JLTM CSG because
of the lower electric field in the direction of the current flow
along the channel.
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X 105 DC Characteristics: The ON and OFF state currents are shown

8 T T T T in Figure-3(a) and 3(b) respectively. As can be observed that the

""""" JLSM (30nm) ON state current for the JLTM CSG is larger by more than 1.5

— JLTM (10nm+30nm+10nm) times as compared to the JLSM CSG and at the same time the

OFF state current is also smaller 10" times. Reduction in OFF
state current results due to the triple metal gate structure used
which screens the drain voltage variations. For digital
applications the Iy /Iopp ratio is very important. This ratio is

very high for the JLTM MOSFETs as compared to JLSM.
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Figure-4(a) and 4(b) compares the output resistance and
conductance respectively of JLTM and JLSM. Output resistance
of JLTM is larger and hence conductance is lower than the
JLSM due to increased channel length of the former. This is also
one of the reasons responsible for the reduced ON state current.

Transconductance (figure-5(a)) of JLSM is higher at lower

operating voltage (upto~0.5V) but once the JLTM is turned

ON(~0.8V), it provides significantly higher values. The

intrinsic gain (figure-5(b)) of the JLTM is significantly higher
(approximately 2 times in dB) as compared to the JLSM
counterpart. The TGF is considered as available gain per unit
power dissipation. TGF of JLTM, figure-5(c) is more than 8
times larger to that of JLSM which shows that for getting a
desired gain less power will be required by the former device. It
makes JLTM a strong candidate for low power analog
applications as well.
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RF Characteristics: Figure-6 shows the gate capacitance (Cg,)
and gate-drain capacitance (C,,). Gate capacitance is higher for
the JLTM as compared to the JLSM because the total gate area
of the former is larger than the latter. Similarly, Cy is also
larger for the JLTM. The larger values of capacitance will
degrade the ac performance at higher frequencies but since the
gain of the JLTM is many times larger than the JLSM, it will
compensate to the overall performance of the device.

The other important RF performance parameters are the cutoff
frequency (fr), maximum frequency of oscillation (fyax) and
gain bandwidth product (GBW). The fr is defined as the
frequency at which the short circuit current gain decreases to
unity (sometimes referred as the transition frequency), and is
given by

Jr= ey
27Cyq
Where g, is the transconductance and Cgy, is the gate
capacitance.
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The fyax is the frequency at which the power gain becomes
unity and is given by
Im

2)

Suax =

Cya
2ncgs\/4[gds + 0 CZS](RS + Ry, + Rg)

Where Cys and Cgy are the gate-to-source and gate-to-drain
capacitances respectively, gg is the output conductance, R; -
source resistance, R, - channel resistance, and R, - gate
resistance. For the extraction of these parameters ac analysis is

performed over a (here 1x10° Hz to

frequency range

1x10” Hz) and Y parameters are computed. After this two
port network RF extraction tool (inspect from synopsys
sentaurus TCAD) is used to compute the f; and fj;4x using
the following equations

Jfr =fi-|H21| 3)
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, 1

V5 =Y 2
4[Re(Y;;).Re(Yy,)—Re(Yy;).Re(Y},) ]

Syax = f;- “)

Where f; is the input signal frequency.

The fr and fyux
parameters are having higher values for JLTM as compared to
the JLSM. The GBW is shown for both the MOSFETs in
Figure-7(b), which is computed by the following approximate
equation

GBW=—9m (5)
271'.10.ng

are compared in figure-7(a). Both

The GBW is slightly lower for the JLTM due to larger C g .

Electrical, DC, Analog and RF Characteristic Variations
due to Gate Length Scaling: In this section we discuss the
variations of different parameters associated with the JLTM due
to length scaling. Figure-8 (a), 8(b), 8(c) and 8(d) shows the
variations in the electrostatic potential, electron density, electric
field and electron velocity respectively at the SiO,/Si

interface. Electrostatic potential under the gate material (L1) is

less affected with the variations in the Vg due to screening

effect for the larger gate lengths. Electron density is also
relatively higher at the source end for the largest gate length.
The electric field along the channel is becoming lower as the
gate length is increased, showing a significant reduction in
HCEs. Average electron velocity is however, decreased for
longer gate lengths.
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Figure-9(a), 9(b), 9(c) and 9(d) shows the analog behavior
scaling of the JLTM with the gate lengths. Transconductance
(Figure-9(a)) increases as the gate lengths are scaled down but
the intrinsic gain (figure-9(b)) is decreased because of higher
output conductance (lower output resistance). The TGF (figure-
9(c)) and Early voltage (figure-9(d)) both are scaled down with
the gate length. The Cyq and ng variations are shown in the

figure-10 (a) and (b) respectively. The ngis scaled down with

the decrease in the gate lengths as expected due to the decrease
in the overall gate area, whereas the Cya remains approximately

constant (not scaled down).
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Figure-11(a) and 11(b) compares the scaling of f; and fyax
respectively. The f; and fy4x both are higher for the shorter
gate lengths due to larger g,, and smaller Cg, . Similarly, the

GBW product is also higher at the scaled gate lengths as shown
in the figure-12.
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Conclusion

The JLTM MOSFETSs have been extensively evaluated with the
help of 3D TCAD simulation for extracting various DC, analog
and RF parameters of importance and compared with that of
JLSM. It is observed that the former gives many advantages in
terms of  higher I,y/Ippr ratio, transconductance g,,,

intrinsic gain g,,/g4 , TGF ¢,,,/Ip , Early voltage V4, cutoff
frequency fp and maximum frequency of oscillation fpax

Due to these superior qualities of JLTM it may be preferred to
be used in digital, analog and RF applications for low power
operations. Due to the simplicity of fabrication also (because of
non presence of junctions) it looks very attractive to be used at
highly scaled gate lengths. A study for the scaling of the
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different device parameters with gate length was also carried
out. The study reveals that the device parameters are scalable
except the Cyyq .
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