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ABSTRACT

The investigation of silicon-based nano-MOSFETs logic circuits is helpful to gain more comprehensive knowledge
about nanoscale transistors. Therefore, a simulation study has been performed on four logic families of two inputs
NOR gate logic circuits, namely (i) nano-CMOS NOR gate, (ii) nano-MOSFET loaded n-type nano-MOSFET NOR gate,
(iii) 733.8 Q resistive loaded nano-MOSFET NOR gate, and finally (iv) pseudo-n-type nano-MOSFET NOR gate. The
nano-MOSFET technology node studied in this paper is 10 nm. Device simulation is done using an online NanoMOS
simulator, whereas circuit simulation is carried out using freeware WinSpice. The main obstacle encountered during
downscaling of nano-MOSFETs is low power dissipation and high-speed nano-MOSFET logic circuits. Correct logical
NOR operation has been proven by observing simulated timing waveforms. Transient timing analysis on nano-MOSFET
loaded n-type nano-MOSFET NOR gate has shown that propagation delays calculated from theory and simulation
are 66% matched. From the analysis, this 10 nm nano-MOSFET NOR logic circuit design exhibit a dynamic power
reduction of 148 times and a propagation delay improvement of 33 times when benchmarked against a typical 120 nm
MOSFET logic circuit.
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INTRODUCTION

Over the past few decades, downscaling of MOSFET
from micrometer regime to nanometer regime has
occurred rapidly [1-8]. A research study on a 4 nm
nano-MOSFET device is reported in the literature
[9]. However, in this mentioned research, the
oxide material is Hafnium Oxide (HfO,), and the
semiconductor material is Indium Gallium Arsenide
(InGaAs). Therefore, this 4 nm nano-MOSFET is
unsuitable for manufacturers to use Silicon-based
fabrication facilities. This paper is devoted to studying
electrical performance (such as propagation delay and
power dissipation) of 10 nm Si-based nano-MOSFET
[10]-[12]. To enable the gate to control the charge
in the channel, the requirement T,, << L must be
fulfilled, where T, is the oxide dielectric thickness.
In this paper, the gate oxide thickness is about 1.5
nm which means that the oxide insulator is few
atoms thick.

Four different logic families, namely (i) nano-CMOS
NOR gate, (ii) nano-MOSFET loaded n-type nano-
MOSFET NOR gate, (iii) 733.8 Q resistive loaded nano-
MOSFET NOR gate, and lastly (iv) pseudo-n-type
nano-MOSFET NOR gate have been investigated in this
paper. To counter-balance, the difference in carriers
(electron and hole) mobility, circuit (i) has NMOS
with a channel length, L=10 nm, and channel width,
W = 125 nm, whereas PMOS has L = 10 nm and
W = 250 nm. Circuit (ii) has NMOS L = 10 nm and
W = 250 nm, whereas NMOS load width (W) and
length (L) are 125 nm and 10 nm, respectively. Circuit
(iii) has a 733.8 Q resistive load, and its NMOS has a
width (W) and length (L) equal to 250 nm and 10 nm,
respectively. Circuit (iv) has NMOS with L = 10 nm
and W = 250 nm, whereas PMOS has L = 10 nm and
W = 125 nm. A constant field scaling technique has
been adopted [13]. Electrical performance in terms
of power dissipation, rise time, fall time, propagation
delay, and maximum operating frequency has been
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analysed and benchmarked against another research
report [14-18]. From the report written by Kousik [19],
the benchmarked MOSFET has a device dimension
of Vpp=2.0V, T5;=60 nm,L=120 nm,and W =1 pm.

METHODOLOGY

NanoMOS, an online nano device simulator tool
developed by Purdue University, has been used to
performed device simulation. After this step, all these
four NOR gate Spice circuit file codes are simulated
using freeware WinSpice. The WinSpice simulation
output consists of input timing diagrams and output
timing diagrams. Two input signals with periods

10 ns and 20 ns are used to test the NOR gates. The
transient response, which includes rise time, fall
time, propagation delay, and maximum operating
frequency, is simulated and analysed with 10 ps and
20 ps. The nano-MOSFET device design simulated
using NanoMOS is shown in Figure 1. By performing
this online device simulation, current-voltage (I-V)
curves (refer to Figure 2 and Figure 3) and device
parameters (refer to Table 1) are obtained, which are
used to derive the timing response for nano-MOSFET
loaded nano-MOSFET NOR logic circuit (refer to Table
2) [20-24]. Device structural dimensionsin Table 1 are
in the nanometer regime, which is compatible with
silicon lattice constant of 0.5431 nm. This condition

y
X
z

]

Tox Oxide
Tsi Source Undoped Channel Drain

Oxide

]

Lsp ' Le Lso

< » @
< > <

\/

» <
L}

Figure 1 Nano-MOSFET structure used in NanoMOS online simulation

Table 1 Structural dimension of nano-MOSFET

Double Gate nano-MOSFET Device Simulation Parameters

Vs 0.60V
Vps 0.60V
Vr 0.20V

Source/Drain Doping Concentration (Np)

1%x10%°cm™3

Channel Body Acceptor Impurity Concentration (Ny)

1%x10%cm™3

Channel Width (W) 125 nm
Channel Length (L) 10 nm
Source Length/Drain Length (Lsp) 7.5nm
Silicon Channel Thickness (Ts) 1.5 nm
Top/Bottom Oxide Insulator Thickness (Tpy) 1.5nm
Top/Bottom Insulator Relative Dielectric Constant 3.9
Channel Body Relative Dielectric Constant 1.7
Top/Bottom Gate Contact Work Function 4188 eV
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Table 2 Theoretical modelling calculation values of nano-MOSFET loaded nano-MOSFET NOR gate

Double Gate nano-MOSFET Loaded NOR Gate

Gate Capacitance (Cg) 5.755x 107" F
Area Capacitance (C,) 1.612x107"°F
Sidewall Capacitance (Cgy) 6.072x 10"V F
Drain Capacitance (Cp) 4604 x 10718 F
Source Capacitance (Cs) 1.046 x 107V F
nano-MOSFET Loaded Resistance (R, y,q) 73380
nano-MOSFET on-state Resistance (R,,,) 36.20
Loaded NOR2 Gate Total Capacitance (Cyots)) 1.381 x 107" F
Rise Time Constant () 1.013x 10735
Rise Time (t,) 1.360 x 107'2s
(i) Best Case when 2 nMOS Turn On
Fall Time Constant (1)) 2499 x 107" s
Fall Time (ty) 5499 %107 s
Propagation Delay (t,) 3.598 x 107%s
Maximum Signal Frequency () 7323 x 10" Hz
(ii) Worst Case when 1 nMOS On and 1 nMOS Off
Fall Time Constant (1)) 4999 x 107" s
Fall Time (ty) 1.099 x 1074
Propagation Delay (t,) 3.685x 107%s
Maximum Signal Frequency () 7.293 x 10" Hz
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Figure 2 Drain current — drain voltage curve of nano-MOSFET with Vs=0.60 V

PLATFORM VOLUME 4 NUMBER 12021 e-ISSN: 26370530 H



PLATFORM - A Journal of Science & Technology

2500 /"
2000

——(Green's function

1500

1000 //
500 /

. .
U - i - i T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Gate Voltage (V)

Drain Current (puA/um)

Figure 3 Drain current - gate voltage curve of nano-MOSFET with Vps=0.60 V

causes electron quantum transport mechanism.  Theories, expressions, and equations which are used
Table 3 shows PMOS structural simulation parameter  to derive data in Table 2 are listed below. The drain
settings with a metal gate made from Aluminium.  current per micro width is written as

The logical NOR gate truth table is tabulated in

Table 4. [ F c&) ]
1 12 F1 JgT
Table 3 PMOS structural dimension I B ; Fip(mr1)
— =BCovr Vs — V1) % (1)
PMOS Device Simulation Parameters w F 9o
o| 7r1 T
Vr -0.15V e — 7
) . Fo(nrr)
Oxide Insulator Thickness (Tpy) 1.5 nm - -
Channel Width (W) (for CMOS Logic) 250 nm where the ballistic efficiency is B, the oxide capacitance
Channel Width (W) (for Pseudo Logic) 125 nm is Cox the thermal velocity is v; and Fermi-Dirac
Channel Length (1) 10 nm integrals of order Y2 and zero are used. 7, is obtained
: e from the subband energy profile of the nano-MOSFET.
Gate Capacitance (Cg) 6.852x10 " F All nano-MOSFETs worked in saturation region with
Drain Capacitance (Cp) 7.29x 107" F conditions Vs> Vyand Vs> Vs — V7, except the load
Source Capacitance (Cs) 729%x 107 F transistor of nano-MOSFET loaded n-type nano-

MOSFET NOR gate which operated in resistive region

with value R} 44
Table 4 Truth table for NOR logic gate Load

Inputs Output R _ Vin
Load — I

on-state at linear region W

2

in1 in2 out1
0

Since digital logic gates operate at a linear portion of
the |-V curve,

- = OO
- |O|—=|O

1
1
1
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1
Rchannel at on-state
rome 1, Cox(Vop — V)

3)
where ,, is the electron ballistic mobility.
Total Capacitance at Output Node in NOR logic (Cita))
= Gate Capacitance + Area Capacitance + Sidewall
Capacitance + (2 x Drain Capacitance) + Source
Capacitance

Rise time constant (z,.) = Ry gaq X Ciotal 4)

Rise time (z,) =2.2 X 7, X 6.1 &)

It takes 6.1 times duration to pass logic 1 than logic 0
through an n-channel MOS pass transistor.

(i) Best case when 2 n-MOS Turn on

Total Ry, = (Rchannel on-state)/2 (6)
Fall time constant (z) = Total Ry, * Cigal @)
Fall time (¢) =2.2 x 7/ ®)
Propagation delay (z,) = 0.35(z, + 79 )

Maximum signal frequency (fpmay) = 1/(z. + ¢) (10)

(i) Worst case when 1 n-MOS On and 1 n-MOS Off

Total Ry, = (Rchannel on-state) (11)
Fall time constant (z) = Total Ry, * Ciggal (12)
Fall time (¢) =2.2 x 7/ (13)
Propagation delay (z,) = 0.35(z, + 79 (14)

Maximum signal frequency (/finax) = /(2. + 29 (15)

The theoretical best case value of output low voltage,
Vo, of nano-MOSFET loaded n-type nano-MOSFET
NOR logic gate is given by

_ (Rchannel at on—smte) +2
((Rchannel at on-state) - 2) + RLoad

Vor X Vbp (16)

Meanwhile, the theoretical worst-case value of output
low voltage, Vo, of nano-MOSFET loaded n-type
nano-MOSFET NOR logic gate is given by

Rchannel at on-state

Vor=

XV (17)
DD
Rchannel at on-state + RLoad

The dynamic power is obtained from the below
equation

P =aCfV}p (18)
The activity coefficient is a, the capacitance at the
output node is C, the frequency of switching is f,
and the voltage supply is Vpp [25-271.

RESULT AND DISCUSSION

Currently, nano-MOSFET semiconductor devices
operate in a quasi-ballistic transport region between
the drift-diffusion and ballistic regime. Figures 4 to 7
show the schematic circuit diagrams for all four logic
families of the NOR gate.
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Figure 4 Two inputs nano-CMOS NOR logic circuit
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Figure 5 Two inputs nano-MOSFET loaded n-type
nano-MOSFET NOR logic circuit
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Figure 6 Two inputs resistive loaded nano-MOSFET NOR
logic circuit

L%

outl

in2 g |

7777

Figure 7 Two inputs pseudo-n-type nano-MOSFET NOR logic circuit
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Figure 8(a) and Figure 8(b) show the two input signals
to the circuits in Figures 4 to 7. All these two input
signals have an amplitude of 0.60 V and a 50% duty
cycle. Their frequencies are chosen to be 1 x 108 Hz
and 5 x 107 Hz, respectively, because these values
are below the maximum signal frequency of around
7.3x 10" Hz.

Figure 9, Figure 10, Figure 11, and Figure 12 are
the output signals of circuits in Figure 4, Figure 5,
Figure 6, and Figure 7, respectively. All these output

m'¥

600, 0 p--amunnne- S

400.0

200.0

waveforms showed correct logical NOR operation
as in Table 4.

Figure 10 is the output signal of the logic circuit
Figure 5, with an amplitude of 0.4 V because of
the 0.20 V threshold voltage loss at the load nano-
MOSFET, which acts as an n-type pass transistor
[28-29]. Figure 11 signal has an amplitude of 0.60V,
and it is the output signal of the logic circuit in
Figure 6. The pseudo-n-type nano-MOSFET logic
gate has p-type nano-MOSFET with L = 10 nm and
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(b) Second input signal

Figure 8 Input signals to all four NOR logic circuits
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Figure 9 Output signal of nano-CMOS NOR logic circuit
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Figure 11 Output signal of resistive loaded nano-MOSFET NOR logic circuit
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W = 125 nm, whereas n-type nano-MOSFET with
L =10 nm and W = 250 nm. To reduce output low
voltage V,, the criteria (W/L)n = 2(W/L)Load must
be met.

Figure 12 is the output signal of the logic circuit in
Figure 7. Its output low voltage is not zero compared
with other output waveforms because the pseudo
PMOS at the load is always turned ON. This situation
caused current still flow during low output state, and
so a low output voltage is observed even though
during logic 0 output state.

To study the transient response for the logic circuit
in Figure 5, two input signals with periods 10 ps and

600 . 0F-----"-n--

400 . 0F----mmnnn-

sssssssssssssasssssskassssasssass

20 ps are used, and Figure 13 indicates the output
result. Signal periods of 10 ps and 20 ps are chosen to
measure the rise time and fall time. Rise time and fall
time are due to the charging circuit and discharging
circuit, respectively. Rise time is defined between 10%
and 90% interval of output signal rising edge, whereas
fall time is taken between 90% to 10% interval of
output signal falling edge. The simulated rise time is
2.231 ps, and the simulated fall time is 0.308 ps which
is equivalent to 6 ps pulse width (30% duty cycle).
The theoretical calculated best-case propagation
delayis 35.9fs, as tabulated in Table 2. The theoretical
calculated worst-case propagation delay is 36.9 fs,
as tabulated in Table 2. The simulated propagation
delay is 107.1 fs as measured from the WinSpice
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Figure 12 Output signal of pseudo-n-type nano-MOSFET NOR logic circuit
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Figure 13 Transient output signal of nano-MOSFET loaded nano-MOSFET NOR logic circuit
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output result. Therefore, the theoretical best case
switching speed is 2.97 times that of the simulated
value.

On the other hand, the theoretical worst-case
switching speed is 2.91 times that of the simulated
value.FromTable 2, the best-case maximum frequency
of operation is around 732 GHz, whereas the worst-
case maximum frequency of operation is around
729 GHz. The simulated maximum frequency of
operation is 394 GHz. The percentage of error between
the simulated maximum frequency of operation
and the best case maximum frequency of operation
values is 46.2%. The percentage of error between the
simulated maximum frequency of operation and the
worst-case maximum frequency of operation values
is 46%. The difference between the simulated and
theoretical frequency of operation is that the quasi-
ballistic transport model is used in the theoretical
calculation.

In contrast, in Winspice simulation, a quantum
corrected drift-diffusion model is used. Scattering
events are more evident in the quantum corrected
drift-diffusion model than the quasi-ballistic transport
model. When electron flows through silicon channel
with quantum corrected drift-diffusion model,
electron encountered many collisions with scattering
centers. This causes an electron to take longer to
travel from source to drain compared with electron
flow with a quasi-ballistic transport model. So, the
theoretical quasi-ballistic model has a shorter delay

and hence faster frequency. Thus, high speed NOR
logic gate designed with 10 nm nano-MOSFET has
been achieved. In literature [11], 45 nm MOSFET
logic gates have a typical propagation delay of
8.72 ps. Compared with the simulated and best-case
theoretical calculated propagation delays, which are
0.1071 ps and 0.0359 ps, respectively, as studied in
this paper, the NOR logic gate is designed using 10 nm
nano-MOSFET is faster in switching speed. So, higher-
speed logic gates can be realized by downscaling of
nano-MOSFET [10].

From Figure 13, the simulated best-case output low
voltage Vp, is 1.5625 mV, whereas the theoretical best
case calculated value of V,, is 14.4 mV as derived from
equation (16). The ratio between theoretical best
case V, value to simulated V, is 9.216 times. From
Figure 13, the simulated worst-case output voltage
VOL is 3.125 mV, whereas the theoretical worst-case
calculated VOL value is 28.2 mV as derived from
equation (17) [30]-[32]. The ratio between theoretical
best worst V, value to simulated V, is 9.024 times.
Timing response characteristics are tabulated in
Table 5. From [19], the propagation delay of the logic
gate with structural design Tg;= 60 nm W = 1 um,
L = 120 nm MOSFET is typically 3.534 ps. So, it is
evident that the10 nm nano-MOSFET NOR logic gate
improved 33 times in speed.

Table 6 tabulates the power dissipation for four
different NOR logic gates calculated using equation
(18) with a =0.1875. When compared with logic gate

Table 5 Simulated value timing characteristics of NOR gate

WinSpice Simulation Results Using
Model Level MOS6 (10% and 90% Points)

. - . . Maximum Operating
Logic Gates Rise Time (t,) Fall Time (t;) Propagation Delay (t,) Frequency (F,..,)
NOR 2231 %1025 30.760 x 107 s 1.071x1073s 3.940 x 10" Hz

Table 6 Power dissipation of four logic families for NOR logic gate

Nano-CMOS Nano-MOSFET Resistive Pseudo nano-
NOR Loaded NOR Loaded NOR MOSFET NOR
Dynamic Power (Watts) 1.691 x 10°° 9.536 x 107~/ 8.829 x 107/ 1.303x10°°
Voltage Supply (Volts) 0.6 0.6 0.6 0.6
Frequency of Switching (Hertz) 1x10" 1x 10" 1x10" 1% 10"
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designed using MOSFETwithW=1 um,L=120nm,and
Tsi=60 nm, which has a downscaled power dissipation
of 140.9 pW range as reported in [19], all four logic
families NOR gates showed power reduction during
downscaling of nano-MOSFET to nanometer regime.
The power reduction for nano-CMOS, nano-MOSFET
loaded, resistive loaded, and pseudo-nano-MOSFET
NOR logic circuits is 83, 148, 160 108, respectively
when benchmarked against reference [19]. THE Nano-
CMOS NOR logic circuit showed the highest power
dissipation because switching nano-MOSFETs is the
highest, followed by pseudo-nano-MOSFET NOR logic
circuit save one nano-MOSFET when compared to
nano-CMOS NOR logic. The power dissipation of the
pseudo-nano-MOSFET NOR logic circuit is the second-
highest because the pseudo-PMOS is always ON. The
third highest power dissipation NOR logic circuitis the
nano-MOSFET loaded NOR logic circuit because there
is a small voltage drop across the load pass transistor.
The lowest power dissipation NOR logic circuit is the
resistive loaded NOR logic circuit because the load is
purely resistive.

CONCLUSION

In this simulation study, it has been shown that
downscaling of nano-MOSFET has the advantages of
achieving lower power dissipation and faster speed
logic gates. From this paper, nano-MOSFET NOR logic
circuits with 10 nm design technology have shown a
power reduction of 148 times and a propagation delay
improvement of 33 times when compared against a
typical 120 nm MOSFET logic. At the same time, logical
operations are preserved during downscaling. These
advantages are essential in implementing modern
consumer electronics products using downscaled
nano-MOSFETs to quickly process large amounts of
data and have long battery life.
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