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’I Role of TFET Devices
and Their Performance
Analysis for Wireless
Communications

B. Lokesh and B. Lakshmi
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1.1 INTRODUCTION

Due to the scaling down of semiconductor devices in the nanometer region, conven-
tional devices such as complementary metal oxide semiconductors (CMOSs) and
Moore’s law are approaching their limits fast [1]. CMOS-based transistors are no lon-
ger in frame in terms of efficiency and hence not suitable for applications requiring low
supply voltages due to short channel effects, which in turn limit subthreshold swing
(SS) and produce high /.. In the coming decade, there can be an increasing demand
for solid-state transistors with channel lengths as short as 1-5 nm for both analog and
digital applications [2]. To satisfy Moore’s law and achieve a high performance of tran-
sistors in nanometer regions, alternate devices such as the p-i-n structure, known as
tunnel field effect transistors (TFETSs), have been explored and proved to be efficient.
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Band-to-band tunneling (BTBT) is the principle of mechanism for conduction unlike
diffusion in MOS transistors [3]. The mechanism is due to the wave-like properties
of electrons, which allows them to pass through barriers with little effort. Due to the
mechanism of BTBT, the limitation of SS of 60 mV/decade and better resistance to
variations in temperature can be achieved [4,5]. Though this improves the efficiency
of the device, TFETs exhibit an ambipolar nature, which means that the device will be
conducting for both positive and negative gate voltages. For an n-type TFET (n-TFET)
when V, <0, the tunnel junction starts to shift from the source to the drain side. This
behavior can cause problems when used in applications such as complimentary logic
circuit and hence limits the use of TFET in digital circuits. If this behavior can be sup-
pressed, then TFETSs can be used to obtain promising results in digital circuits. Many
structures to suppress this behavior are explored in the literature already [6—8].

One such promising structure is an independent gate heterojunction TFET (IG
HJ-DGTFET) [9]. The double gate provides control of gate leakage current and
improves the magnitude of drain current, whereas the heterojunction structure improves
tunneling by modifying the band energy levels in a way to reduce barrier energy for
positive gate voltages, which improves /,,,, and increase barrier energy for negative gate
voltages, thus reducing /. [10,11]. This makes the devices compatible for applications
such as a quadrature phase shift keying (QPSK) system, which demands low power. For
TFETs, recent experiments have shown that on using lower-band-gap materials such as
InAs or InSb, there is a huge increase in I, at lower voltages [12]. Also, to reduce the
tunneling barrier and increase the probability for an electron to tunnel through, a com-
bination of materials, GaSb for source and InAs for channel and drain, is used. Another
reason for using these material combinations is that they allow lattice-matched growth,
which helps in changing the band gap without altering the crystal structure [13].

In this chapter, to show the efficiency of IG HJ-DGTFET, the digital part of the
QPSK system has been implemented and validated for low power consumption and
less propagation delay. Also, the variations of rise and fall times of an inverter cell
used in the QPSK system with respect to temperature have been provided to show
temperature independency. The organization of this chapter is as follows: Section 1.2
provides a description of the device and its operation; Section 1.3 provides results
and discussion of an implemented QPSK system using IG HJ-DGTFET, and finally
Section 1.4 provides the conclusion.

1.2 DESCRIPTION AND SIMULATION OF THE DEVICE

The simulation of the device is carried out using Sentaurus technology computer-
aided design (TCAD) simulator from Synopsys. Figure 1.1a shows the schematic of
the device; Figure 1.1b shows the GaSb-InAs heterojunction TFET structure with-
out doping and Figure 1.1c, with doping/meshing. The device consists of the source
doped with GaSb and drain and channel doped with InAs, which is used to increase
the 7,y considerably by increasing the energy of the valence band to that of the con-
duction band at the tunneling junction. This reduces the tunneling barrier and hence
increases the probability of tunneling at the junction. The device dimensions, appro-
priate models for the device simulator, and the DC characteristics obtained are taken
from our previous calibrated results [14]. The length of the device is 70 nm with
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FIGURE 1.1 (a) Schematic of the device and (b) the simulated structure of IG HI-DGTFET
without doping and (c) with doping/meshing.

source and drain length of 20 nm each with a channel length of 30 nm and high-k
dielectric of silicon nitride (Si;N,) The geometrical and doping parameters used in
this simulation are listed in Table 1.1.

In the device physics, a hydrodynamic model, doping dependence mobility, effects
of high and normal electric fields on the saturation of velocity, a Shockley—Read—Hall
(SRH) recombination model, and mobility of electrons are used. Also, the Fermi—
Dirac statistics is used instead of Boltzmann statistics because of the high doping
concentrations used in source and drain. The effects of scattering are ignored as the
doped n+ region remains active with the flow of charge carriers even with high doping
concentrations. In the used model, it is assumed that only the voltage of gate-source
decides band bending, which is necessary in the source region (for line tunneling) or

TABLE 1.1

Parameter Space of IG HJ-DGTFET

Geometrical/Doping Parameters IG HJ-DGTFET (GaSb-InAs)
Gate length (L,) 30 nm

Channel thickness (7, 8 nm

Front and back gate oxide thickness (7,,) 1 nm

Source dopant/doping concentration Boron —4 x 10%/cm?3
Drain dopant/doping concentration Arsenic =2 x 10"7/cm?
Channel doping concentration Intrinsic —1 x 10"5/cm?
Source material GaSb

Drain/channel material InAs

Gate work-function 4.85eV
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in most of the source-channel region (for point tunneling). The effect of the voltage of
drain is considered by assuming that the voltage of drain-source is what determines
the location of the level of Fermi energy in the energy bands of drain. Specifically,
the used model assumes that the carriers can tunnel into an energy level that is only at
or above the level of Fermi energy and the electron Fermi level is assumed to be the
same throughout the regions of source and drain from which electrons are generated
and tunnel to the drain (considering a majority carrier density).

As it is known that the probability of transmission Ty is mainly dependent on
the tunneling mass and bandgap, variations of these two parameters can improve the
1,y of the device and is calculated using the Wentzel-Kramers—Brillouin (WKB)
expression, which is given by

4202mE; aD

P 3gn(E,+12)

Twgs =

where m” is the electron’s effective mass, E, is the band gap energy, and g is the
charge of electron. 4 is the tunneling length, which defines the spatial extent of region
of transition at the interface of source and channel, A@ is the range of energy over
which the tunneling can occur or the difference in energies of conduction band in the
source and the valence band in the channel, and / is Planck’s constant.

A= |5 i1, 1.2)

80}(

where ¢, and t; are the thickness of oxide and silicon, respectively, and ¢, and g, are
dielectric constants of oxide and silicon, respectively.

The tunneling barrier not only depends on the energy band gap but also on the car-
rier generation rate. As the gate voltage rises, the electric field across the channel also
increases. The double-gate structure used in this work operates in independent gate (IG)
mode, which means that both gates are simulated with different gate voltages (V,; # V).
The transfer characteristics of IG HJI-DGTFET with a constant voltage of gate-1 at 1 V
and a varying voltage of gate-2 from 0 to 1 V with a drain voltage of 1 V are shown in
Figure 1.2. It can be observed that as the gate voltage rises, I,y and I, start to increase
because of carrier generation dependency, which is given in equation (1.3).

G —Aﬁex —BE—E (1.3)
un — \/E_g p ‘El .

where G,,, is the carrier generation rate due to the interband tunneling at the junction,
E is the electric field, E, is band gap energy, and A and B are constants.

It can be said that by only increasing I, of TFETS, it is not sufficient to improve
the performance metrics in the circuit level. In the circuit level, there are many per-
formance parameters such as delay, power consumption and dissipation, and rise
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FIGURE 1.2 Transfer characteristics of IG HI-DGTFET.

and fall times. These performance metrics are dependent on device parameters
such as drain current in the linear regions and saturation of TFETS, gate and Miller
capacitances, output conductance (g,), and tunneling distance. The mentioned device
parameters in turn affect SS. The expression for SS is shown in equation (1.4).

ss=mXL (1+%) (1.4)
q

ox

From equation (1.4), it can be made clear that by improving SS, the performance
of the device/circuit can be improved to an extent. One way to improve SS is by
eliminating the temperature dependency of the device, which has various advantages
shown in the results and discussion section. The circuit symbols of both n-type and
p-type 1G HI-DGTFETs are shown in Figure 1.3.

S _I D
g2 J gl

_I
—Igl J 823

(@) (b)

FIGURE 1.3  Symbol of IG HJ-DGTFET: (a) PTFET and (b) NTFET.
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1.3 RESULTS AND DISCUSSION

This section provides the implementation and analysis of the QPSK system. The
implementation includes the leaf cells, a pseudorandom binary sequence (PRBS) gen-
erator, and bit splitter circuits of the QPSK system and the analysis of the same circuits
in terms of different performance parameters in both circuit and device levels.

The implementation of the QPSK system is done in three stages:

1. Realization and simulation of basic blocks/leaf cells, which are an inverter
cell, NAND, and X-OR gates, using n-type and p-type IG HI-DGTFETs.

2. Realization and simulation of D flip-flops (DFFs) using four NAND gates
and an inverter cell.

3. Realization and simulation of PRBS generator and bit splitter using DFFs.

After each simulation, the values of power consumption and dissipation and propa-
gation delay are extracted. For calculation of power consumption and dissipation,
schematics of circuits are verified, and then the Analog Design Environment L
(ADEL) window is accessed in which transient simulation is selected for analysis;
the stimulus is then given to run the simulation, and from save-all options, all pwr
signals are saved. Then, the results browser can be accessed to obtain the power
consumption and dissipation.

For calculation of propagation delay, the calculator is accessed from the simu-
lation window and from special functions, the function delay is selected in which
the lower and upper threshold values are provided as 0.08 and 0.4 V, respectively,
since the propagation delay is defined as 10% and 50% of supply voltage, which
is 0.8 V. After applying all the data, an expression is displayed which is evaluated
as propagation delay.

1.3.1  ReauizatioN of LEAF CeLts UsING IG H)-DGTFET

The leaf cells of the QPSK system are NAND and inverter cells. In this section, these
cells are realized using IG HJ-DGTFETs, which are the fundamental cells in the
construction of D flip-flops. The constructed D flip-flop is used to realize PRBS and
even/odd sequence generators.

1.3.1.1 Realization of NAND Logic Circuit

The circuit diagram of IG HJ-DGTFET based NAND is shown in Figure 1.4a. Two
gates, gl of both n- and p-type IG HJ-DGTFETs, are shorted together and given to
V.- Similarly, gates g2 of both types of IG HI-DGTFETs are shorted together and
given to V,,,. When one of the inputs is given logic high or when both the inputs are
given logic low, that is, V,,, to logic high and V,,, to logic low or V,,; and V,,, are given
logic low, the transistor in the pull-up network is turned on and the output gets a logic
high signal due to the shorted path between V,,, and the output. When both inputs
are given logic high, both transistors in pull-up and pull-down networks are turned
off and the output gets logic low. The timing diagram of the IG HJ-DGTFET-based

NAND gate is shown in Figure 1.4b.
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FIGURE 1.4 (a) NAND gate realization using IG HJ-DGTFET. (b) Timing diagram of IG
HJ-DGTFET-based NAND gate.
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1.3.1.2 Realization of X-OR Logic Circuit

The circuit of the IG HI-DGTFET-based X-OR gate is shown in Figure 1.5a. This
circuit requires only three transistors unlike conventional X-OR gate circuits [15].
This X-OR gate is based on the inverter and pass transistor logic (PTL). In PTL, the
transistors act as simple switches between the nodes to pass the logic levels using the
NTFET and PTFETs [16]. When inputs are given the same logic, either logic low/
high, the output node is pulled down to logic low because of the transistor M3 being
turned off owing to no potential difference between gate and source. When the inputs
are different, the transistor M3 is pulled to logic high. The logic levels, logic high
and logic low, for different combinations of input are shown in Table 1.2. The timing
diagram of the IG HJ-DGTFET-based X-OR gate is shown in Figure 1.5b.

1.3.2 ReauzatioN orF D Fup-FLop

In this section, D flip-flop realization using NAND and inverter logic gates is given
and shown in Figure 1.6a. The input data is referred to as “D”’; when the input D is
given logic 1 or logic high, the flip-flop goes into a state called “SET”, and when the
input data is given as logic O or logic low, a state of “RESET” occurs in the flip-flop.

Vin2
M1 S
-
l|=2
JE
D
E_‘L L\‘B
Vial, | g2 gl
SM D
—
M2 D
1B
2
|
S
_|Gnd

FIGURE 1.5 (a) XOR gate realization using IG HJ-DGTFET. (b) Timing diagram of IG
HJ-DGTFET-based X-OR gate.
(Continued)
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FIGURE 1.5 (CONTINUED) (a) XOR gate realization using IG HI-DGTFET. (b) Timing
diagram of IG HJ-DGTFET-based X-OR gate.

TABLE 1.2

Output Logic Levels of X-OR Gate for Different Input
Combinations

Inputs Output
A B Y

0 0 Vil

0 1 Voo

1 O |VDD_VTI’|
1 1 Gnd

But this kind of response is not desired for the QPSK system because the output
of the flip-flop will always respond to the data input D on every pulse applied. To
remove this undesired effect, an additional input called “CLK” is used to make the
flip-flop go into “SET” state only when “CLK” transitions from logic high to logic
low, making the flop positive-edge-triggered. The timing diagram of the D flip-flop
logic circuit is shown in Figure 1.6b.
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FIGURE 1.6 (a) D flip-flop realization using NAND and inverter logic gates. (b) Timing
diagram of D flip-flop logic circuit.
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1.3.3 ReauzamioN of THE QPSK SysTem

In this section, the realization of the digital part of the QPSK system is implemented.
This can be achieved by connecting the following two systems in cascade:

1. PRBS generator.
2. Bit splitter or even/odd stream generator.

The output of the PRBS generator is given to bit splitter or the even/odd sequence
generator [17,18]. PRBS is based on the concept of linear feedback shift register
(LFSR) in which each bit is shifted from each D flip-flop. In the PRBS circuit, an
X-OR gate is used between the last two flip-flops to give the difference output to the
first D flip-flop. This creates a loop to generate random sequences. Once the random
sequence is generated from the PRBS circuit, the PRBS output is given to the bit
splitter circuit, which splits the sequence into odd and even stream of bits.

1.3.3.1 Realization of PRBS Generator

The PRBS circuit has been constructed using the leaf cells and is shown in Figure
1.7a. A PRBS bit stream can be generated using a linear feedback shift register (LFSR)
[19,20]. The four flip-flops connected acts as a shift register. The LFSR is used to con-
struct the PRBS sequence generator. D flip-flops three and four outputs are given to the
XOR gate, and the output is given as feedback to the first D flip-flop input. Since there
are four D flip-flops, there will be 2+-1 bits. For example, if a 15-bit sequence is gener-
atedas 1111000100110 10, the output of the last flip-flop, O in this case, is sent
to the even/odd sequence generator. Whenever the data bits change with time, the XOR
gate is the one responsible for the change and is an important logic component in gen-
erating PRBS signals. The timing diagram of PRBS circuits is shown in Figure 1.7c.

1.3.3.2 Realization of the Even/Odd Stream Generator

The realization of the even/odd stream generator is shown in Figure 1.7b. This stage
divides the input bit sequence from PRBS into even and odd bits. The PRBS output
sent to the bit splitter splits the sequence as an even bit sequence 11000100 and an
odd bit sequence 1 1 0 1 0 1 1 1. The first D flip-flop is used to divide the input
clock into two, which is then sent to the second and third flip-flops which split the
sequence. These divisions of clocks send Q to even-splitting flip-flop and QB to the
odd-splitting flip-flop. The second flip-flop shifts the bits only in even positions and
the third flip-flop shifts the bits only in odd positions. The timing diagram of the bit
splitter circuit is shown in Figure 1.7c.

1.3.4 PerrORMANCE ANALYsIsS OF THE QPSK System

This section deals with the performance analysis of the QPSK system. Both the
device level and circuit-level parameters are extracted and tabulated.

1.3.4.1 Device Level Performance Metrics
Table 1.3 gives the device performance parameters of IG HI-DGTFET.
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In the device level, the mentioned performance metrics are affected by parameters
such as drive current (I,y) and SS, which are optimized to deliver the best perfor-
mance. The optimization is done as follows. As shown in equation (1.2), 4 is directly
proportional to 7, and affects SS; it is directly dependent on thermal voltage shown
in equation (1.4). But despite the relation between SS, rise and fall times, and thermal
voltage, the effect of oxide capacitance dominates as very thin oxide of 1nm is taken.

Further effects of C,, are discussed in the circuit-level performance metrics section.
% A
X-OR B
| Q D Q D Q2 D R PRBSout
DFF DFF DFF . DFF
CIK | | @0 akx | @ cx | Q8 cx QB
Clock
(a)
D Q D Q ES
———————
DFF DFF
CLK B
Clock b ax &
PRBSin
4 Q Os
e
DFF
CIK QB

(b)

FIGURE 1.7 (a) Realization of PRBS generator. (b) Realization of even/odd stream genera-

tor. (c) Timing diagram of PRBS and bit splitter circuits.
(Continued)
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FIGURE 1.7 (CONTINUED) (a) Realization of PRBS generator. (b) Realization of even/
odd stream generator. (c) Timing diagram of PRBS and bit splitter circuits.

The usage of a lower-band-gap material such as GaSb-InAs material affected the
band gap, which directly points to SS. From Table 1.3, it can be seen that the extracted
SS is very close to the ideal SS, which is 60 mV/decade, and this feature makes it
to contribute to lesser delay and temperature independency. In addition to this, the
other two factors, usage of the optimized oxide thickness and GaSb-InAs material,
also contributed to less leakage current (/) in the device, which reduced the power
dissipation in the device level. The output conductance (g,) is optimized by obtaining
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TABLE 1.3

Performance Metrics of IG H)-DGTFET

Device Parameter Value
Iy 1.287 mA
Lope 20.08 nA
Tonllopr 0.6409 x 10°
SS 58.8 mV/decade
Cp 44.57 pF

24 0.162 puS

8 0.597 mS

f 979.87 GHz
GBP 213.5 GHz

a lower drain saturation voltage, V,,, which is achieved by controlling the threshold
voltage. Due to the higher transconductance (g,,), the unity gain cut-off frequency (f))
was increased, which resulted in an optimal gain-bandwidth product (GBP) needed
for the QPSK system. The GBP for the device is calculated using equation (1.5) [21].

GBP= 8" (1.5)
ZOTCXng

1.3.4.2 Circuit-Level Performance Metrics

The procedure to compute power and delay is explained in the Cadence manual
[22,23]. The performance metrics considered here are propagation delay and power
consumption and dissipation. The average power and the propagation delay are mea-
sured by performing the transient analysis of logic circuits. The parameter propaga-
tion delay is affected by the rise and fall times, and as previously discussed in device
performance metrics, these rise and fall times are affected by C,,, which can be
seen from the rise time (z,,,,) relation with respect to C,. shown in equation (1.6).
The inverter used in the QPSK system produced rise and fall times of 0.09 ps. With
respect to variations in temperature from 27°C to 54°C, these rise and fall times are

varied by a maximum of 2.3 ps. The fall time equation is given as equation (1.7).

o = CL (1.6)
PLH — W
,up Cox o (‘/m - VTH )2
L
_ C, (1.7)
tpur, =

w
,un Co f (‘/m - ‘/TH)2

where f,,; and 1, are rise and fall times, respectively. C; is the load capacitance, p
is the mobility of the charge carriers, C,, is oxide capacitance, W and L are width and
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length of the channel, respectively, and V,, and V,, are input and threshold voltages,
respectively. From equations (1.6) and (1.7), propagation delay is defined as the time
measured between the 50% transition points of the input and output waveforms and
is calculated using equation (1.8).

+
tpa = t”’Lzﬂ (1.8)

In the parameter of power, two different power metrics are shown here: one is power
consumption, which is the power drawn from the supply to obtain the desired output,
and the other is power dissipation, which is unproductive and undesired, such as the
power drawn from supply even when the transistor in a logic circuit is in the OFF
state or simply the power consumed even when input is not given. The power con-
sumption and dissipation are given in equations (1.9 and 1.10), respectively. Table 1.4
provides the overall performance metrics of the QPSK system.

P :(Z (leakage current ) x VDD)+ C, x Vpp Xf; (1.9)

PD = de X V[%D Xﬁ (110)
where P and P;, are power consumption and dissipation, respectively. C,, is dissipa-
tion capacitance and is calculated using equation (1.11). V,, is the supply voltage and
f; 1s the input frequency.

Ips
Cpy=—"—"7"-C 1.11
pd VDD Xﬁ Ly ( )

Cy,, can be calculated by multiplying the number of switching bits (Nyy,) and drain
capacitance (C,).

From Table 1.4, it can be inferred that the overall performance of the QPSK sys-
tem can be said to be improved with the use of this IG HI-DGTFET structure against
the QPSK system, which is discussed in the literature [24]. In the circuit level, since
the complexity of circuits mainly affects power consumption, it has been reduced as

TABLE 1.4

Performance Metrics of the QPSK System

Logic Gates Propagation Delay Power Consumption Power Dissipation
NAND gate (IG HI-DGTFET) 43.53 ps 38.02 pW 0.652 aW
X-OR gate (IG HI-DGTFET) 1331 ps 6.147 pW 21.78 pW

D flip-flop 346.1 ps 66.05 nW 7.731 pW
PRBS generator 200.09 ps 35.19 nW 2.600 nW
Odd/even stream generator ES:39.98 ps 205.3 nW 2.156 nW

OS: 106.1 ps
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a first step using IG mode in NAND gate, which ultimately reduced the complex-
ity by half, and in X-OR gate, an inverter and PTL have been applied to reduce the
complexity. In the X-OR gate, reusing signals and passing them using a PTFET are
performed. This reduces the delay as the signals are only passed based on the dif-
ference between logic levels, and because of the reuse of signals, no external supply
is needed, which means no active power is drawn and which further reduces power
consumption. Therefore, as the performance metrics are enhanced considering both
device and circuit-level parameters, it can be said that the overall performance of the
QPSK system is totally enhanced.

1.4 CONCLUSIONS

In this chapter, an IG HJ-DGTFET has been designed in such a way that the device
when used in the QPSK system produces an optimal subthreshold swing, high trans-
conductance, and GBP required for the system at the cost of the I/l ratio of
the device. Also, the results show negligible rise and fall times of the inverter cell,
which is an advantage for the system, if it is to be used in temperature-variant sur-
roundings. SS being close to the ideal value, lesser Iyr: and the design of lower-
complexity circuits combined produced a system with very low power consumption
and less propagation delay. Circuit techniques such as IG mode and PTL helped in
reducing power dissipation, which contributes to the increased lifetime of the entire
QPSK system. With advantages such as temperature independency, high GBP, and
low power consumption, the implemented QPSK system can be used in areas such as
cellular phone systems, which demands low power, satellite transmission systems, or
WIFI modems, which require temperature independency and high bandwidth. Also,
the obtained results of less propagation delay enable higher frequency of operation
for the QPSK system. Hence, it can be concluded that the implemented system con-
sumes less power and produces low latency, which is the key feature required for any
low-power RF wireless communications.
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2.1 INTRODUCTION

The human body is comprised of a huge number of biological cells, and an integrated
circuit (IC) is comprised of a huge number of transistors. Transistors are a funda-
mental structure of present-day electronic devices. As far back as the appearance
of complementary metal oxide semiconductor (CMOS) circuits, the components of
the transistor have been ceaselessly downsized so as to pack more rationale on to a
silicon wafer and furthermore to lessen power control utilization in circuits. In the
recent scenario, with cell phones gaining prevalence, the quest for low-control gad-
gets with steep switching attributes has become significant. Profoundly scaled metal
oxide semiconductor field effect transistors (MOSFETS) are rendered inadmissible
for low-power-control applications because of their thermal point in their switching
behavior. Consequently, the tunnel field effect transistor (TFET) is being investigated
widely for ultralow-power applications. Tunnel FET has a steep switching trademark
as it operates upon the principle of band-to-band tunneling (BTBT) effect. In the
course of recent years, TFETs have been vigorously studied by researchers in the
field of semiconductor gadgets over the world.

2.2 GORDON MOOREFE’S LAW SCALING

Scaling, as portrayed by Moore’s perception, has multiplied the thickness with each
generation rate with the related cost decrease of an integrated circuit. By the 1980s,
complementary MOS (CMOS) was developed as the innovation of things to come,
and by the 1990s, the CMOS overwhelmed all of the microelectronic applications
and is dominant to date [1,2]. This is fundamentally a direct result of the low power
utilization of CMOS circuits and their capacity to downsize to incredibly small
scales as shown by Dennard of IBM. Figure 2.1 shows the component size and gate
length as an element of time. One hundred nanometers is a principal innovation mile-
stone. It is the division point between small-scale innovation and nanotechnology.
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The semiconductor manufacturing surpassed it in the twenty-first century from
micro-ICs to nano-ICs. Moore’s law has been the marker of progress in IC innovation
throughout the five previous decades. According to Moore’s law, the MOS innovation
crosses a few innovation hubs during its downsizing venture.

2.3 BASICS OF TUNNEL FET

“Tunnel field effect transistor” (TFET) is a reverse-biased gated p-i-n diode. Because
of the band-to-band tunneling of charge carriers between the source and the channel,
the TFET’s output current is determined by this BTBT process [3]. However, the car-
rier injection mechanism in MOSFETs is dependent on heat injection. Because of its
decreased leakage current and fewer short-channel effects (SCEs), the TFET device
is ideal for low-power applications. On the source side, the BTBT area is approxi-
mately 10nm?, and the device may be scaled up to 20 nm. These include reduced sub-
threshold swing (60 mV/decade), increased working speed, and a reduced threshold
voltage roll-off (V,,,; - In addition, the TFET does not have a punch-through effect
because of its reverse-biased p-i-n architecture.

To replace MOSFET in low-power applications, TFET is being recognized as one
of the most promising technologies. An N-type TFET schematic design is presented in
Figure 2.2a. The p-i-n structure is reverse-biased, and a voltage is provided to the gate
to turn the device on. There are p-type and n-type areas that are heavily doped at the
source and the drain of the transistor. Intermediate channels consist of an intrinsic layer
moderately doped [4]. Rather than using titanium dioxide (TiO,) as a gate dielectric,
Si0, is used. If a positive or negative voltage is connected to the gate terminal V, the
device functions as an N-type tunnel FET or a P-type tunnel FET. An N-TFET can be
used with positive gate voltage, and a P-TFET can be used without it when a negative
gate voltage is applied. As the gate voltage is increased, the energy barrier between the
source and the intrinsic region is lowered, allowing for the n-type TFET to operate.
A downward force is exerted on the intrinsic energy bands, as seen in Figure 2.2b.
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FIGURE 2.2 (a) N-type tunnel FET device structure. (b) ON state with a positive bias
on the gate leading to N-TFET-type behavior. (c) OFF state where the only current is from
p-i-n leakage.

Tunneling from one band to another is known as band-to-band (BTB) tunneling.
This is followed by electron migration in the direction of an n*-doped drain region.
Electrons move to the n*-doped drain area as a result of drift diffusion. Alternatively,
the p-i-n diode leakage current (less than 1 fA/um) flows between them when the
source/drain voltage of the n-TFET is turned off (V,=0). Figure 2.2c illustrates the
OFF state n-TFET energy barrier diagram (c).

The energy barrier between the drain and the intrinsic region is reduced when the
negative gate voltage (V< 0) is increased in a p-type TFET as shown in Figure 2.3a.
It is clear from Figure 2.3b that energy barrier bands in the intrinsic area under
the gate have been pushed up. Band-to-band tunneling occurs between the intrinsic
band and the n*-region conduction band, generating the ON current. A p-tunnel FET
is switched OFF (V;,=0), as shown in Figure 2.3c, and the leakage current flows
between the drain and source regions.

2.3.1 ComroNENTS OF TUNNEL FET

The TFET device’s operating concept relies on gate-controlled BTBT. As a result
of line tunneling, BTBT occurs in a direction orthogonal to the gate, whereas the
channel area is used for BTBT tunneling [5,6]. Figure 2.4 illustrates the two different
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FIGURE 2.3 (a) P-type tunnel FET device structure. (b) ON state with a positive bias
on the gate leading to P-TFET-type behavior. (c) OFF state where the only current is from
p-i-n leakage.

gate dielectric
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FIGURE 2.4 TIllustration of (a) point tunneling contribution and (b) line tunneling contribu-
tion in a TFET with the gate over the source.

components of tunneling. Source—channel interface point tunneling is also known as
lateral tunneling. Increasing the positive gate voltage results in a depletion zone that
changes the channel potential profile. From the drain, a small amount of charge will
flow into the channel. The source region is heavily doped and closely linked to the
gate edge in order for BTB tunneling from the p+ source area to the channel region
in order to improve the ON current. This is because dielectric thickness and band-
gap width are important factors in determining the ON current in point tunneling.
As aresult of the source’s excessive doping, a portion of the source’s region overlaps
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FIGURE 2.5 Constant field scaling of digital MOS circuits.

the gate region. Tunneling occurs in the p+ source region as a result. It starts in the
valence band and tunnels to the gate dielectric, where it continues to tunnel [7]. As
the gate voltage rises, the tunneling continues in the conduction band at the gate
dielectric interface. For example, a longer gate overlap over the source allows for a
larger line tunneling current, which in turn allows for a greater tunneling current.

2.3.2 ScaunNG oF MOSFET

Robert Dennard established a set of scaling principles for MOSFETs in 1974, based
on his experience in the field. Dennard’s rules of thumb have been used to guide the
scaling of MOSFETs. A dynamic and static rise in the thickness of a PC’s power con-
trol is depicted in Figure 2.5. Since supply voltage continues to fall and static power
usage increases, power control thickness is increased. It was Dennard’s law that the
supply voltage scaled according to the voltage necessary to produce a sufficiently
high drive current [8,9]. Decreased voltages caused a linear drop in OFF state current
(1) and threshold voltage.

2.4 SHORT-CHANNEL EFFECTS

To begin, FET dimensions are scaled by maintaining the device aspect ratio.
A gadget’s dynamic vertical element is defined as a ratio between the gateway length
and the gadget’s dynamic vertical element. In MOSFETs, the vertical measurement
indicates the oxide thickness 7,,, the source and channel intersection 7,,,,,.;,, and

the exhaustion profundities W, and W, at the source and channel intersection [10].
Small-channel conduct is characterized by a low aspect ratio.
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2.4.1 DRrAIN-INDUCED BARRIER LOWERING

As shown in Figure 2.6, threshold voltage is a measure of the quality of the barrier
against the infusion of charge carriers from source to channel. L<L,,, short-channel
systems with drain channel bias may be able to overcome this obstacle [11]. As the Vt of
n-channel MOSFET: is lowered, the subthreshold current increases as V¢ is increased.

2.4.2 CHANNEL-LENGTH MODULATION

When the drain channel-source bias of a FET advances near the drain channel satu-
ration zone, an area of high electric field is framed close to the drain channel, and the
electron speed in this locality is saturated (in long gadgets, we would rather have a
pinch-off where N turns out to be slightly close to the drain area). In the saturation
zone, the length L of the high-electric-field area increases toward the source with
increasing V/, and the MOSFET continues to function as though the effective chan-
nel length has been shortened by L [12]. This is termed channel-length modulation
(CLM), as seen in Figure 2.7.

2.4.3 Hort CARrrIer EFrecTs

Impacts of hot carriers on FET measurements in deep submicrometer systems are
a major problem. Stable voltage scaling, or decreasing the channel length while
maintaining high-control supply levels, causes the electric field characteristics in
the channel to increase, forcing the charge carriers to accelerate and warm up, as
illustrated in Figure 2.8. For example, impact ionization leads to the development of

o increasing Vps
Ves is high enough reduces the effective
to induce a channel channel length

source
NMOS

FIGURE 2.7 TIllustration of channel-length modulation.
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FIGURE 2.8 [Illustration of impact ionization.

SOURCE DRAIN

FIGURE 2.9 Illustration of hot electrons.

interface states and entering currents generated by hot-electron discharge over the
interface boundary, whereas charge carrier tunneling results in oxide charges, and
electron—hole recombination causes photocurrents, as shown in Figure 2.9.

2.4.4 VELOCITY SATURATION

There is a tendency for charge carriers to slow down in high electric fields because of
the mobility immersion that occurs when the field is high. To maintain the same elec-
tric fields in a shrunk transistor, a constant field scaling can be used [13]. Nevertheless,
the scaling trend adopted in semiconductor manufacturing is not a field-wide one. In
Figure 2.10, for example, the oxide thickness is scaled up and the supply voltages
are scaled back. This results in a larger electric field in the nanoscale MOSFETs as a
result of the increased current flow. As the electric field expands, the speed increases.
This would have been a low-centrality issue if the immersion that occurs at channel
voltages was higher [14,15].

2.4.5 GATE OXIDE LEAKAGE

As far as MOSFET devices are concerned, SiO, is a good insulator. However, when
the gateway oxide’s thickness is reduced to below 3 or 2 nm, the possibility of device
tunneling increases, leading to an increased oxide overflow current in either case.
Using a high-K dielectric can alleviate this problem by minimizing the direct tunnel-
ing excess of current [16].
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FIGURE 2.10 Illustration of velocity saturation effect.

2.5 NONCLASSICAL MOSFET STRUCTURES

Because of technological breakthroughs in process innovation, the basic structure of
MOSFET devices has evolved throughout the years, although the fundamental struc-
ture has remained constant for some time. Bulk MOSFETs have altered in the drain
channel and substrate design, leading to the depicted designs.

i. Lightly Doped Drain (LDD) structure: Using drain channel engineering,
particle implantation is utilized to generate a gently doped channel. Thus,
the electric field surrounding the channel is reduced in MOS devices and
hot-electron-related quality issues are reduced.

ii. Substrate with a reversible doping pattern: There is a requirement for chan-
nel construction in this design in order to reduce the amount of mass punch
through and leakage current.

iii. Structure of the ground plane with a thin coating of silicon: To grasp the
properties of a retrograde substrate structure, chemical vapor deposition
technique-based nuclear layer innovation of silicon on a mass substrate is
substituted for embed innovation [17,18].

iv. Halo doping: The DIBL (drain-induced barrier lowering) influence can be
reduced by creating a halo-doped pocket near the source and drain chan-
nels. A current expansion overflow might result as a result of band-to-band
tunneling between the source and drain sides.

2.6 ENGINEERING TECHNIQUES

As microelectronics evolved into nanoelectronics, high leakage current and SCEs
become a bottleneck to circuit designers. Colinge [19] has investigated a num-
ber of nonclassical devices, including double-gate MOSFETs, dual-material-gate
MOSFETs, and surrounding-gate MOSFETs. But they face the thermionic limit of
subthreshold slope limited to 60 mV/decade, which slowed down supply voltage scal-
ing. Currently, the development of very large-scale integration (VLSI) technology is
mostly directed toward the miniaturization of semiconductor devices. Scaling can be
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defined as the reduced feature size, which generally leads to better and faster per-
formance and more gate per chip. With the help of scaling, more complex machines
have been built with high speed. Nanostructures with high functionality, high device
drive, and low power dissipation emerge as a result of device downscaling, which is
critical for the advancement of electronics.

2.6.1 MULTIGATE ARCHITECTURES

The progressing semiconductor industry has greatly revolutionized human lives.
Owing to various geometrical scaling issues in a semiconductor device, researchers
are taking efforts to put forth new concepts of gate metal work function engineering.
The ON state current is greatly improved by combining two or three distinct materi-
als with various work functions in the gate metal. For several decades, planar bulk
transistors have been an integral part of ICs, during which the size of these transis-
tors have steadily decreased. Scaling the device dimensions has reached its physi-
cal limit and is on the verge of stagnation in various new technologies. The major
limitations include undesirable SCEs, subthreshold leakage current, extreme heat
dissipation, and power consumption of the device. To surmount all of these short-
channel issues, the best solution can be to increase the electrostatic gate control over
the channel. The gate has to be strong in establishing its control over the movement
of electrons from source to drain. Therefore, double-, triple-, and surrounding/gate-
all-around structures have been proposed to effectively suppress the subthreshold
conduction and its corresponding leakage current. In general, having more than one
gate can enhance the device characteristics, and such a configuration is called multi-
gate device as shown in Figure 2.11.

The channel is entirely enclosed by several gates on many surfaces in a multigate
device. There is an increase in the ON state current when many gates are used. With
this structure, higher gain and transconductance ratio is achieved. Higher transcon-
ductance increases the electron generation efficiency and reduces the static power
dissipation of the device. Improved mobility and reduced SCEs may be seen in
Figure 2.12 using the double-gate (DG) MOSFET with top and bottom gates. For
lightly doped devices, the subthreshold slope of DG MOSFET is less [20]. The
front and back gates are biased separately providing more drive current. The gate
electrode is highly successful at controlling the channel voltage; therefore, leakage
current is kept to a minimum.

In triple-gate (TG) MOSFET, the channel is surrounded by the gate material on
three sides as shown in Figure 2.13. As the number of gates increases, the electric
field from the lateral and vertical side exerts more control on the top and bottom side
of the channel. With this, the subthreshold swing of the transistor can be increased.
Gate metal work function engineering is used in a variety of gate topologies to
improve the overall performance of the device. The ON state current can be dramati-
cally improved in gate metal engineering by combining two or three materials with
varying work functions.

Figure 2.14 shows how the gate metals M1 and M2 are positioned with relation
to the source and drain ends, respectively. The work function of the gate metals on
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FIGURE 2.12 Schematic view of a double-gate MOS transistor.

either side of the source and drain is different. The drain end gate metal has a lower
peak electric field near the drain because it has a smaller work function. As a result,
many SCEs will be reduced.
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FIGURE 2.14  Structure of a dual-material-gate (DMG) FET.

Figure 2.15 shows how gate metal engineering and multigate architectures have
been employed to construct new device structures. Both the top and bottom gates
of the DMG DG TFET, as seen in the figure, include materials with distinct work
functions. It is possible to obtain substantial performance in terms of minimal sub-
threshold swing if the source and drain gate materials have adequate work functions.

Figure 2.16 shows how a binary metal alloy gate with a continuous horizontal
fluctuation of mole fraction in a MOS structure incorporates the new notion of work
function engineering.

2.6.2 GATE OXIDE ENGINEERING

Gate oxide is the most significant element in designing short-channel transistors.
The study of metal oxide semiconductor (MOS) breakdown and most of the short-
channel issues begin with the gate oxide material. Gate oxide/gate dielectric region is
the most fragile region as it has become extremely thin due to scaling. Downscaling
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FIGURE 2.16 Schematic cross-sectional view of cylindrical MOSFET.

the thickness of gate oxide creates numerous problems such as hot carrier effect, sub-
threshold conduction, and threshold voltage roll-off. These issues make the device
more susceptible to subthreshold leakage current and high dissipation of heat, and
ultimately, this leads to the breakdown of the device. The present state of the art of
the semiconductor industry is to utilize alternate gate dielectric materials and hetero-
gate dielectric layers to enhance the device reliability.

2.6.3 HicH-K GATE DIELECTRICS

Many years ago, silicon dioxide was the preferred gate oxide material (SiO,). Silicon
dioxide has been steadily thickened to improve the driving current by shrinking tran-
sistors owing to gate oxide scaling. A high-K gate dielectric material can be used
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to increase gate capacitance by substituting silicon dioxide. As a result of this, cer-
tain dielectric materials have higher permittivity than silicon dioxide. Since high-K
gate dielectric materials are used, the industry has “electric charge-holding capac-
ity” [21]. Titanium oxide (TiO,) has a greater dielectric constant, which increases
the ratio of transconductance and drain current. An increase in carrier generation
efficiency in the channel area has been achieved by replacing standard gate dielectric
material (silicon dioxide, SiO,) with high-K gate dielectric material. Smaller oxide
thicknesses and high-K gate dielectric materials are used to remove the effect of the
drain on the source side. Higher substrate doping and extremely efficient gate oxide
materials are used to increase the current drive in FETs.

2.6.4 StackeD GATE OXIDE STRUCTURE

The gate has increased electrostatic control over the channel when using high-K
gate dielectric material. The only drawback in using high-K gate dielectric mate-
rial is its imperfect expression due to the occurrence of interface traps, fixed bulk
charges, and phase stability issues. Also, replacing SiO, with high- K gate dielectrics
may result in difficulties in oxidizing other dielectric materials. Oxidation of silicon
dioxide is direct and easier, as SiO, is a native oxide of silicon. But the oxidation of
high-K materials involves a different oxidation process; hence, a novel approach of
gate stack architecture is proposed. It is also known as a heterodielectric gate stack.
Any high-K dielectric material may be generated by oxidation on top of the standard
silicon dioxide, illustrated in Figure 2.17, as the foundation material. In the stacked

High-k (e.g HfO,)

FIGURE 2.17 Gate stack architecture.
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gate design, an ultrathin low-K interlayer is used in conjunction with a high-K layer
to enhance device stability. Device properties may be affected because of the higher
electrical focus on the low-K dielectric layer due to continuous displacement of the
low-K dielectric layer by the fringing fields.

2.6.5 CHANNEL ENGINEERING

SCEs can also be reduced using the channel engineering technique. This includes halo
doping and nonuniform channel profiles in a lateral direction. Using this approach,
the threshold voltage’s dependency on the channel length may be reduced. There are
asymmetrical and symmetrical implants at the source or drain. There are two types of
halo implants: vertical and slanted. A gate pattern is generally finalized before adding
them. As a result, the implants provide a greater barrier between source drain junc-
tions and the channel. The threshold voltage reduction in miniaturized transistors is the
commonly known notification of the SCEs. This unfavorable roll-off effect is possibly
the most frightening roadblock in the upcoming MOSFET design. On the other hand,
for channel lengths below 50nm, DG MOSFETs still show evidence of considerable
leakage currents. To overcome these SCEs, different channel engineering techniques
have been deployed [22]. To reduce the threshold voltage roll-off effects, lateral chan-
nel engineering has been used to increase the doping concentration in the channel at
source/drain junctions. Figure 2.18 shows the halo-implanted MOSFET channel area.
The channel length is designated as L, and L is expanded as shown in equation (2.1)

L= Lhaln + Lchannel (21)

where L, is the length of the halo-implanted and heavily doped channel region and
L j.unner 18 the lightly doped channel region.

Nhalo = Nchannc'l + AN (22)
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FIGURE 2.18 Halo-implanted MOSFET channel.
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where N, is the doping concentration of the halo region, N,,,...; is the doping concen-
tration of the channel, and A, is the difference in the channel doping measured in cm?.

2.7 MODELING TECHNIQUES OF LOW-POWER DEVICES

Due to significant advances in semiconductor technology over the past 15years,
device modeling approaches have become increasingly popular. Instrumental in the
design of verylarge-scale integrated (VLSI) devices and very high-speed IC devices
for computers, device modeling is a critical component of design optimization. When
it comes to new device architectures, modeling is a powerful tool. To develop trans-
port equations, device modeling approaches can benefit from accurately defining the
device shape, doping profile, carrier transport equations, and material properties of
a device. You may use a number of analytical and numerical approaches to develop
smaller semiconductor devices. Solving an equation (or a set thereof) that describes
the behavior of real-world systems is required for a numerical or mathematical
model. A large number of differential equations cannot be solved, even with starting
and stopping conditions. These models require two- or three-dimensional solutions
to solve the semiconductor transport equations. Especially when dealing with com-
plex problems and real-world settings, device modeling is essential for success.

2.7.1 ANALYTICAL MODELING

In a mathematical model, the equations are derived directly from the device’s physi-
cal attributes, which is called an analytical model. Many analytical models may be
used to study the semiconductor device’s transport mechanism. There is a charge
sheet model based on surface potential analysis that has been around for quite some
time. All working regions of a device may be accurately calculated using these
models since they are continuous in all operating areas. Surface potential under the
specified boundary conditions is calculated using complex equations including tran-
scendental expression and multifrequencies in this model. Using a semiconductor
device equation approximation, the findings of the second type of analytical model
are investigated. To represent the device in its many working states, a variety of
mathematical equations are required [23-25]. In addition to studying the behavior of
first-order devices, these features are also utilized to analyze the impacts of higher-
order devices. Sometimes, these models are referred to as semiempirical analyti-
cal models (SEAMs). Modeling the relationship between a physical process and a
device’s geometrical structure is a key advantage of this paradigm.

2.7.2  Quasl TRANSPORT MODELING

Carrier transport model may reach its ballistic limit, as semiconductor devices are
scaled down. The widely examined quasi-ballistic transport model is used in GaAs
N*-N-N* structures. The quasi transport model describes the transport characteristics
of electrons in a well-designed MOSFET. The current voltage (/,—V,,) relations are
derived based on Landauer’s model for current through a ballistic conductor. Once,
the channel length becomes comparable with the mean free path of the carriers, the
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analysis of nanoscale transistors becomes a quasi-ballistic regime [26]. The scat-
tering events can also be explored with quasi transport model, which uses fewer
fitting parameters to match the /,—V,, characteristics. The model finds its practical
applications in radio frequency (RF), microwave, and analog operations. For highly
scaled FETs, the quasi transport model provides new insight to analyze the ballistic
transport nature.

2.7.3 CHARGE-BASED MODELING

Legitimate modeling of nanoscale MOSFET does require accurate and compact
physics-based models. These models are useful for realizing VLSI circuit simulation.
The modeling principles of nanoscale devices differ from those of conventional bulk
MOSFET:s as volume conduction is considered. At all operating regimes, the deple-
tion charge and charge sheet approximation will not be included in the Poisson’s
equation for undoped DG and GAA FETs. Instead of charge sheet approximation,
gradual channel approximation (GCA) can be used to obtain the expression for sur-
face potential and channel current [27]. At present, many accurate models have been
developed for undoped DG and GAA FETs using the above principles. These models
show good agreement with numerical simulations. Here, the SCEs are neglected, and
better electrostatic control of the channel is established. Recently, researchers have
started to explore models by enveloping the SCEs in multigate MOSFETSs.

2.7.4 NUMERICAL MODELING

To design and optimize novel semiconductor devices, numerical device simulation is
considered to be the most promising method. The added advantages in using numeri-
cal simulations are the calculation of the electrical behavior and inner-electronic
values, fault detection in technological process, and the subsequent cost-saving of
implementation. With rigorous miniaturization in the semiconductor device technol-
ogy, we need to upgrade the conventional simulation methods [28]. Upgrading the
current practices is necessary as several quantum mechanical effects appear in the
nanoscale device structures. To have a better understanding of quantum well-based
semiconductor devices, quantum hydrodynamic (QHD) models have been explored.
For analyzing quantum mechanical-based devices, the initial wave function is used
to obtain the macroscopic behavior of electrons. The hydrodynamic models describe
continuous electron and hole distribution in a semiconductor device. The micro-
scopic/macroscopic models based on the self-consistent solution of the Schrodinger
and Poisson equations deliver a clear description of the electron distribution as the
solution is highly time-consuming. But the quantum hydrodynamic model takes into
account the quantum mechanical effects at adequate computation times.

2.7.5 FINITE ELEMENT MODELING

The finite element method (FEM), used for decades, is a typical numerical method
for addressing engineering and mathematics problems, which include heat transmis-
sion, fluid movement, and mass transport, to name a few. FEM results in a system of
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algebraic equations when it is formulated. A bigger system is subdivided into smaller
and simpler pieces called finite elements. They are then integrated into a bigger sys-
tem of equations using the finite components that have been previously created [29].
Variational techniques are used in FEM to estimate the solution by linking an error
function with the solution. As part of FEM, a link between an error function and the
solution is made using variational approaches to estimate the solution. You may esti-
mate a boundary value problem using finite element analysis (FEA). It is sometimes
referred to as a field problem.

2.7.6  FINITE DIFFERENCE MODELING

The finite difference method (FDM) is another numerical method for solving dif-
ferential equations. As early as the 1950s, finite difference approaches began to
gain popularity, providing engineers with a useful foundation for tackling difficult
engineering issues of many types. In this approach, finite differences are used
to estimate the derivatives of differential equations. One of the simplest and old-
est ways to solve differential equations is to use finite difference approximations.
Space or time intervals are used to calculate an approximation of the answer. As
illustrated in Figure 2.19, a numerical solution based on finite differences provides
us with values at discrete places known as grid points. Uniform or nonuniform
grid spacing can be used for both the x and y axes of the grid. In addition, grid
points can be spaced at different distances from one another. In order to make pro-
gramming easier and produce more accurate results, the majority of the analysis
assumes equal spacing in each direction for most of the calculations [30]. FDM’s
main premise is to replace the derivatives of governing equations with algebraic
differential equations instead of derivatives.

V (-1, j+1) V@A) VL j+D

V (i-1. j) V(i+l.j)

V (i-1, j-1) V@.j-l)  V(@+l.j-)

FIGURE 2.19 Discretized grid points.
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2.7.7 MoONTE CARLO MODELING

The Monte Carlo technique, a class of computer methods, was created in the 1940s.
Many complicated issues may be solved using this method. The Monte Carlo tech-
nique relies on a series of random samples. In 2006, Kurosawa presented approximate
general solutions, and it is not a statistical instrument but a general approximation
of answers. There is no analytical or numerical solution to the problem or it is too
complicated to be executed;, therefore, they are commonly utilized.

As a general rule, Monte Carlo techniques follow the stages outlined below:

» determine the statistical characteristics of the potential inputs,
* have many possible inputs to consider,

e can use these sets to perform deterministic calculations, and

e perform a statistical analysis.

2.8 DOUBLE-HALO GATE-STACKED TRIPLE-MATERIAL
DOUBLE L-GATE TFET: PERFORMANCE ANALYSIS

The diagram of a dual-halo stacked oxide triple-material double-gate tunnel FET
is given in Figure 2.20, with L1=5nm, L2=10nm, L3=20nm, L4=10nm, and
L5=5nm. It is made up of a triple-gate material with unique work functions.
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(0,0) ' Sioz Iteffox= 1nm
UL * L4 |L5
5nm| 10nm 20nm 10nm |5nm
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GND|||| (P v, Channel Region (n) 4= 10nm
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Si0, terox= 1NM
tc=3nm
M1

é L=50nm
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FIGURE 2.20 Cross-sectional view of DH-GS-TM-DG-TFET.
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A dual-gate schematic with triple-gate material incorporates the innovative dual-
halo doping symmetrical doping technique with the gate stacked to produce a novel
device structure. The tunneling gate work function of titanium is 4.2 eV, whereas the
control gate work function of the metal molybdenum is 4.6 eV, and the auxiliary gate
function of the metal silver is 4.0. M2 must be greater than M1 and M3 so that the
1on—1opr ratio can be as high as feasible.

2.8.1 THRESHOLD VOLTAGE MODELING

For example, a gate voltage applied in region 1 defines a threshold voltage when the
energy barrier begins to saturate. Below the gate electrodes, copper, gold, and silver
are used to create channels. For the second metal, the maximal work function is
given by equations (2.3) and (2.4).

(/)3(L1+L2+lg,0):(p4(L]+l/2+L3,0) (23)

Mie‘m + Nie_” +%+ r:c (V'GS_V'fbi)

@i (x)= [1+%]

.4

Metal 2 has the lowest channel potential. It follows thus that the amount of energy barrier
is the greatest here. As a result, the threshold voltage action of the device is dependent
on the channel region of the transistor. In other words, the flat band voltages in regions
2 and 3 are the same. According to mathematics, V, roll-off is the difference between
short-channel and a long-channel tunnel FET threshold voltages. In other words,

V'mlz—oﬁ =V'u=V'u 3)

Figure 2.21 displays the threshold voltage roll-off for the single-material double-
gate TFET, triple-material double-gate TFET, and DH-GS-TM-DG-TFET, as well as
comparisons between the three types of transistors. This structure has a lesser roll-
off than the other two due to its lower channel length (below 10nm).

2.9 IMPLEMENTATION OF CMOS INVERTER
IN HALO-DOPED TUNNEL FET

Using an inverted CMOS amplifier, as shown in Figure 2.22a, the DH-GS-TM-DG
TFET circuit performance is investigated. It is shown in Figure 2.22b as a voltage
transfer characteristic of an inverter that uses halo-doped gate-stacked TFET and
various dielectric materials. We can determine the gain by determining the slope
of the voltage transfer characteristic. Table 2.1 shows the voltage gain of the CMOS
inverter circuit for a variety of high-K dielectric materials. The gain of this circuit
is 0.82 using HfO, as the gate oxide material, compared to 0.72 with SiO,. A circuit
with nanosized HfO, gate dielectric improves the performance of this inverter.
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FIGURE 2.22 (a) CMOS inverter amplifier using DH-GS-TM-DG TFET. (b) Comparison
of voltage transfer characteristics of the CMOS inverter with DH-GS-TM-DG TFET with
different high-K dielectric materials.

(Continued)
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FIGURE 2.22 (CONTINUED) (a) CMOS inverter amplifier using DH-GS-TM-DG TFET.

(b) Comparison of voltage transfer characteristics of the CMOS inverter with DH-GS-TM-DG
TFET with different high-K dielectric materials.

TABLE 2.1

Dielectric Materials Utilized in CMOS DH-GS-TM-DG TFET Inverters Have
Different Voltage Gains

Dielectric Material Dielectric Value (k) Voltage Gain V/v
Sio, 3.9 0.72
ALO, 9 0.78
Y,0, 17 0.80
HYO, 2 0.82
LaAlO, 25 0.83
TiO, 40 0.86

2.10 PERFORMANCE INVESTIGATION OF DH-GS-TM-DG TFET

The device simulation incorporates mobility, bandgap narrowing, recombination,
nonlocal BTBT, and Kane’s tunneling models to illustrate the carrier transport mech-
anism in DH-GS-TM-DG TFET. Table 2.2 lists the device parameters that have been
used for the proposed device.
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TABLE 2.2

Parameters Used for DH-GS-TM-DG TFET Device Simulation

Parameters DH-GS-TM-DG-TFET
Channel length, L 50nm
Source doping, Ny (p-type) 1x10%*cm™
Drain doping, N,, (n-type) 5x10"%cm
Halo doping concentration (N,,) 1.2x10%cm™
Channel thickness (z,;) 10nm
Metal M1 work function (¢M1) 4.2eV
Metal M2 work function(¢pM2) 4.6eV
Metal M3 work function (¢pM3) 4.0eV
Effective oxide thickness (7,4, Inm
Exterior fringing field capacitance, C;, 0.63 fF
Direct overlap capacitance, C,, 3.23 fF
Internal fringing field capacitance, C;; 1.06 fF
Channel width of the capacitance, W 18.07 fF
Body effect coefficient, y 0.58

2.10.1  SurrACE POTENTIAL ANALYSIS

Figure 2.23 shows the change in surface potential from source to drain. Due to the
device’s gate engineering, there are two sets of rules in the surface potential. No mat-
ter how high the drain potential of metal 1 is, metal 2’s surface potential is lower.
This is what happens when the device’s threshold voltage is modeled. At this point,
activation of the channel is prevented by a high-energy barrier peak. As a result, the
drain-induced barrier lowering is not significant.

2.10.2 LATErRAL ELECTRIC FIELD ANALYSIS

Devices with different channel potentials have a different electric profile, which is due
to the difference in drain to source channel voltage that creates the lateral electric field
profile. Tunneling affects the vertex of the lateral electric field at the channel-source
contact, as seen in Figure 2.24. The DH-GS-TM-DG TFET’s ambipolar behavior is
reduced because of the device’s sluggish lateral electric field on the drain side.

2.10.3 ErrecTive OXIDE THICKNESS

For various gate-stacked dielectric material thicknesses, the threshold voltage deviation is
depicted in Figure 2.25 using the effective oxide thickness (z,,,). There is also a correlation
between dielectric materials in the gate stack architecture and their thickness variation.

2.10.4 THresHOLD VOLTAGE RoLL-OFr

Threshold roll-off voltage for two nonidentical drain biases is shown in Figure 2.26.
A bigger drain bias results in a shorter channel effect and a higher threshold voltage
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roll-off voltage, as seen in the graph. As a result, DIBL (drain-induced barrier lowering)
becomes more aggressive because of the significant drain bias, rather than the gate bias.

2.11 CONCLUSIONS

The tunnel FET has demonstrated to be an effective low-power device in suppressing
the SCEs. Traditional FETs must be updated by adopting modern gate and chan-
nel engineering approaches in order to follow Moore’s law and avoid SCEs. The
dual-halo structure of the triple-material work function engineering is used to reduce
the peak electric field at the drain end. Low-power tunnel FETs are being designed
with high-K gate dielectric materials. Hafnium oxide has been substituted for silicon
dioxide in order to improve the electrostatic control between the gate and channel.
A substantial decrease in the electric field and threshold voltage of the DH-GS-TM-
DG-TFET was observed. For ultra-ow-power and rapid-switching applications, tun-
nel field effect transistor has been shown to be the most promising technology.
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3.1 EVOLUTION OF MOSFET

In 1928, Lilienfeld [1] filed a patent on a device named as “device for controlling
current”, which was later called as metal-oxide semiconductor field-effect transistor
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(MOSFET). During early days, fabrication of MOSFET appeared to be very tough
because of the difficulty in obtaining a decent interface between the semiconductor
and the oxide layer. Finally, the first MOSFET based on the Si/SiO, interface was
successfully fabricated in 1959 by Kahng and Atalla at Bell Telephone Laboratory
[2]. After many years of continuous advancement and research, now a single chip
is capable of containing more than 19 billion of these devices. When we look at the
journey of MOSFETs, we find continued device scaling as the driving force behind
its success story. Scaling of MOSFETs now follows an exponential trend although
for the last five decades it was mainly governed by Moore’s Law [3]. It is amazing
that despite facing many technical challenges, the trend of device miniaturization for
exponential growth in the device density has continued for such a long period, and
at times, when this trend appeared to be discontinued, other innovative techniques
were introduced to overcome the obstacles. However, this continued device minia-
turization starts facing serious threats when the dimensions of the device are scaled
down to the sub-10nm regime, which is mainly due to the incapability of MOSFETs
to switch between OFF- and ON-states without causing excessive power dissipation.

3.1.1 MoorF’s Law

In 1965, Gordon E. Moore published a paper entitled “Cramming More Components
onto Integrated Circuits” in Electronics magazine [3]. Based on his observation, he
made a prediction on the process of miniaturization of integrated circuits and wrote
in the article

The complexity for minimum component costs has increased at a rate of roughly a fac-
tor of two per year. Certainly over the short term this rate can be expected to continue,
if not to increase. Over the longer term, the rate of increase is a bit more uncertain,
although there is no reason to believe it will not remain constant for at least 10 years.

In 1975, he revised his earlier prediction (as shown in Figure 3.1) after redrawing the
plot of component densities from 1975 onward and stated that the device density will
double every 18 months. His revised plot was later called Moore’s Law [3].

3.1.2 METHODS OF SCALING

Scaling of MOSFETs may be defined as the process of reducing the device dimen-
sions and interconnecting wires in such a manner that the functionality of integrated
circuits (ICs) does not change. Dennard et al. [4] first proposed and validated a set
of certain rules termed as Dennard’s Scaling Law for complementary metal-oxide
semiconductor (CMOS) device scaling. In fact, the proposed scaling law is popularly
known as constant field scaling, which states that supply voltage must be scaled down
by same factor with which device dimensions are scaled in order to maintain a con-
stant field in the scaled device. However, there exists a major issue with constant field
scaling, which enforces a change of the power supply voltage by a different scaling
factor, thus raising a conflict with the protocols set for the requirement of chip inter-
face. Therefore, to overcome the problem faced by constant field scaling, a different
scaling mechanism known as constant voltage scaling was proposed, which suggests
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FIGURE 3.1 (a) Number of components per integrated function predicted along the years
(the first phase of Moore’s Law) and (b) cost per component versus number of components
per circuit [3].

a scale-down of the device dimensions by keeping the voltage levels intact [5]. But the
scaling of the oxide layer thickness along with an unchanged supply voltage causes a
higher electric field in the channel, which eventually degrades the mobility of charge
carriers. Table 3.1 lists and compares the set of rules for these two methods of scaling
showing scaled parameter with their impact on MOSFET-based circuit parameters.
Finally, a more generalized scaling method was introduced in Ref. [5], which suggest
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TABLE 3.1
Comparison between Primary and Derived Scaling Principles
Constant Constant Generalized
Parameters Field Scaling Voltage Scaling Scaling
Primary Scaling t LW 1/k 1/k 1/k
N,, Ny k K? ok
Vb 1/k 1 o/k
Derived Scaling Electric field 1 k o
Capacitance 1/k 1/k 1/k
Drain current 1/k k ok

a different scaling factor for device dimensions and power supply. It was suggested
that the power supply should be scaled down relatively with a smaller factor than the
device dimensions to overcome the demerits faced by the other two scaling meth-
ods stated earlier. Initially, the scaling of device dimensions and power supply was
mainly carried out to improve the device performances without a massive change in
the structure of the device. Thereafter, many innovations were incorporated in the
structure of conventional MOSFET, which allowed for it to further scale down the
dimensions with improved electrostatic control of gate over the channel and with
reduced short-channel effects (SCEs).

3.1.3 CHALLENGES IN CMOS-DEVICE SCALING

As the technology scales down to sub-10nm, quantum-mechanical effects along
with SCEs, such as drain-induced barrier lowering (DIBL), gate-induced drain leak-
age (GIDL), gate-leakage current due to vertical tunneling, direct tunneling of charge
carriers from source to drain, threshold voltage roll-off, mobility degradation, etc.,
become more prominent, which adversely affects the device performance, and thus
cannot be interpreted using theory of long-channel devices. For instance, when the
drain voltage is high and the gate voltage is at a low potential during the OFF-state,
a high electric field is induced at the drain terminal due to large V,,; (% V,,), which
further causes GIDL due to tunneling of electrons from drain to substrate. Similarly,
when the channel length is scaled to a shorter length, then charge carriers directly
tunnel from source to drain through the channel despite the presence of a potential
barrier. As a result of these SCEs, continued device scaling for further technological
enhancement becomes difficult with CMOS technology.

Apart from the abovementioned nonideal effects faced by MOSFETs during
channel length scaling, there is an important fundamental physical limit faced
by MOSFET, which restricts the scaling of power supply beyond a certain value.
Subthreshold swing (SS), which is a measure of necessary gate voltage required to
increase/decrease the drain current by a factor of 10 [5-7], mainly decides the mini-
mum possible value of power supply to sustain the switching ability of a transistor
between ON- and OFF-states. The current switching mechanism in a MOSFET is
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based on the thermal broadening of the Fermi distribution tail in the valance band of
the source region to the conduction band of the channel region causing an injection of
charge carriers over the potential barrier at the source—channel interface.

Based on the Landauer approach [8], the 1D model of drain current in MOSFETSs
can be expressed as:

1o =2 [ AET @SB - fouEN =2 [ BB~ futE) G
oo cpf

where f,,, f,,, e, and h are the distribution of Fermi—Dirac function in source and
drain regions, respectively, electron charge, and Plank’s constant, respectively, while
@? represents the potential barrier faced by electrons. T(E) is the tunneling prob-
ability of charge carriers, which may be zero if E <(D? and one if £ >d)(}. Since, the
value of dD‘} is much more than the chemical potentials u,, and u,, in drain and source
regions, respectively, f,, and f,,, can be approximated by Boltzmann distribution. Due
to applied V,, and with f,,>f, in the subthreshold regime, f;,, can be neglected from
equation (3.1). Using these approximations, equation (3.1) can be simplified to:

2e J*w E—us) 2e @Y —
In=""| dEexp|-—1%|=""ksTexp| -——L > 3.2
N ) p( [ R W G2

As a function of gate voltage, d® as in Ref. [9] can be expressed as follows:

DY = e(c"’“]avg (3.3)

Cox + Cdep
where C,, and C,,, are oxide and depletion capacitances, respectively. From the 7;,—V;
characteristics of MOSFETs, SS can be derived using equations (1.2) and (1.3) as in
Refs. [7,10]; thus,
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v, e

At 300K, the minimum value of SS considering C,,>C,,, is approximately equal to:

P[):de X VI%D Xf;

This value is certainly a physical lower limit of SS for the MOSFET devices, which
has a severe impact on the switching characteristics of the MOSFET. A minimum of
5 orders of magnitude for the current switching ratio 1,,/1,, is required for modern
VLSI devices. Therefore, the gate voltage must be increased by at least 300 mV to
turn on the device even if an ideal MOSFET is considered exhibiting a minimum
slope of 60 mV/decade. Since thermal voltage (*B,") cannot be scaled and owing to
the C,,,/C,, ratio, there is no impact of capacitance scaling. Thus, SS does is not
scaled during the scaling of device dimension and power supply. As the SS exerts
a limit on the minimum voltage required to switch ON/OFF the device, therefore
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power supply cannot be scaled beyond a certain value, which eventually causes more
power dissipation in the device. A solution to reduce the supply voltage further was
suggested by introducing the gate-all-around structure for the MOSFETSs, which
could not be sustained for continuous downscaling [11]. Therefore, no techniques
other than steep-SS devices remain to be investigated for achieving further power
supply voltage scaling. Since most of the devices exhibiting steep SS have not been
found to show a satisfactory performance as compared to MOSFETs at nominal sup-
ply voltages, researchers need to come up with a novel device structure to match with
the performance of existing CMOS technology.

3.1.4 Power DissIPATION IN INTEGRATED CIRCUITS

There are two types of power that are dissipated by the ICs. One type is static power
that is dissipated by the transistors during the OFF-state is:

Pstatic = oﬁ-Vdd (36)

which depends on the leakage current of the device and power supply V,,,. The sec-
ond dissipation is dynamic power, which is consumed during the charging and dis-
charging of C,,,, when the state of the transistors is changed:

Pd)'namic = Claad-Vddz-f (3 7)

The OFF-state leakage current [, can be related with V,, and SS as:

Vdd

Ly =1,,.10 55 3.8)

From this equation, it is observed that when V,, is decreased for a constant value
of /,, and SS, there is a rapid increase in the value of /. Therefore, novel devices

showing steeper SS are needed to achieve low OFF-state leakage current when V,,
is scaled down.

3.2 EMERGENCE OF NEW DEVICES

On looking back, we see that the semiconductor industry has progressed through
vacuum tubes to theCMOS technology of today replacing existing technology by
its successor to make the devices/circuits power-efficient [12,13]. Similarly, due to
the inability of scaling power supply and device dimensions further in MOSFETs,
a number of emerging devices have been investigated as a prospective successor to
MOSFET and consequently to improve the existing CMOS technology. In its 2015
edition, the ITRS has already presented a road map for the emerging devices having
potential to substitute the silicon technology used in conventional MOSFET devices
for technological advancements. As shown in Figure 3.2 [14], the classification of
devices is carried out on the basis of conventional or novel materials and/or structure
and the way by which information is interpreted either as an electron or noncharge
entity. A number of novel devices have been proposed of which only the devices that
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FIGURE 3.2 Emerging novel devices mentioned in the ITRS 2.0 2015 edition [14].

are most promising and relevant to the thesis are discussed in this section. Among
all these devices, some are considered as the extension of the current CMOS technol-
ogy while others are clearly possibilities to think beyond CMOS. Since thesis work
is based on a charge-controlled device, therefore the main focus is confined to this
type of devices only.

3.2.1 Devices For ExTensioN oF CMOS

Nearly 20 years ago, carbon nanotube field-effect transistors (CNT FETs) were shown
to be a promising devices in the sub-10nm regime due to their energy bandgap rang-
ing from 0.6 to 0.8 eV and excellent transport properties of electrons and holes, which
was mainly attributed to its ultrathin body of approximately 1 nm diameter. When
all other devices were found to have many shortcomings when their dimensions were
scaled down to the sub-10nm regime, CNT FETs [15,16] were observed to offer solu-
tions in most of the concerned areas.

Nanowire transistors [17-22] were found to provide the flexibility of using an
extensive variety of materials such as silicon, germanium, group III-V (GaN, InN,
AIN, InP, GaAs, etc.) and II-VI (CdS, ZnS, CdSe, ZnSe) compound semiconductors,
and semiconducting oxides (ZnO, In,0;, TiO,) as a channel in the form of a nanow-
ire. The diameter of such semiconducting nanowires replacing the planner channel
of a conventional MOSFET has been scaled to 0.5 nm. These nanowires have been
found to exhibit ballistic conduction due to quantum confinement.

By employing the concept of band-to-band tunneling (BTBT), tunnel field-effect
transistors (TFETs) have been demonstrated to have potential to overcome the lim-
itation of SS to 60 mV/decade at room temperature faced by MOSFETs [22-27].
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TFETs in their simplest form are just a reverse-biased gated p-i-n diode, which allow
us to scale the power supply further to reduce the power dissipation. TFETs were
found to show a smaller turn-on voltage as compared to MOSFETs, which may be
realized by modulating the tunneling barrier at the source—channel interface with
gate voltage and by modulating the electric field at the tunneling interface to regulate
the barrier width. However, achieving a steep tunneling barrier at the input interface
needs an extremely abrupt doping profile for TFETs.

3.2.2 Devices BeyonD CMOS

Negative gate-capacitance FETs [28-30] are considered to provide values of SS
lower than 60 mV/decade and amplify the gate voltage similar to a step-up trans-
former if the thickness of the ferroelectric insulator is approximately chosen in place
of oxide in MOSFETs. The main advantage of this device is its geometrical similar-
ity with conventional MOSFETs. The ferroelectric material that is mainly used as
gate dielectric is hafnium oxide doped with Al, Zr, or Si.

Spin FETs [12,31,32] are yet another class of charged-based nonconventional
semiconductor devices that can further be classified into two groups: Spin FETs [32]
and Spin-MOSFETs. For making the source and drain to act as a spin injector and
detector, respectively, a ferromagnetic material is used for both the regions in spin-
TFETs and spin-MOSFETs. Despite the similarities in the structure of both the spin
transistors, they work on different operating principles. In Spin FETs, the gate is
used to regulate the spin direction of charge carriers with the help of Rashba spin—
orbit interaction, whereas in spin-MOSFETs, the gate works exactly the same as in
conventional MOS devices to switch on/off the current in the channel. Both the spin
transistors have been demonstrated storing nonvolatile information with the help of
magnetization configuration, which is a great advantage using these devices.

3.3 TUNNEL FIELD-EFFECT TRANSISTORS (TFETs)

As mentioned in the previous section, a TFET is basically a gated p-i-n diode in
which source and drain regions are doped with an opposite type of dopants. The
cross-sectional view of a TFET is shown in Figure 3.3. The biasing conditions for
p- and n-type TFETs are tabulated in Table 3.2. In contrast to MOSFETs, the trans-
port mechanism of charge carriers in a TFET device depends on BTBT through
barriers at the source—channel interface instead of thermal emission of charge car-
riers over the barriers. The operating principle of a TFET is mainly governed by the
modulation of electrostatic potential and field at the source—channel interface for

FIGURE 3.3 Cross-sectional view of a n-type TFET.
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TABLE 3.2
Modes of Operation in TFET and Convention of Source and Drain Regions
and Biasing Conditions

Type of TFET Mode of Operation Source Drain Bias

p-type ON N+ P+ V<05 V<0
OFF V>0,V <0

n-type ON pr N+ V>0, V>0
OFF Vi <0; V>0

disabling or enabling the BTBT process while the operating principle of MOSFETs
relies on modulation of charge carriers in the channel. Again, the OFF-state current
in MOSFETSs is mostly due to the remaining charge carriers in the channel, whereas
the subthreshold leakage current in TFETS is due to tunneling at the channel—-drain
interface during the OFF-state. This is why TFETs unlike MOSFETs do not suffer
from the limitation of SS of 60 mV/decade at 300 K. Due to steeper SS than 60 mV/
decade, TFETs allow for reduction in power supply voltage while keeping the OFF-
state current at a low value. Maintaining a lesser supply voltage results in a small
active power consumption while a low OFF-state current leads to a low static power
dissipation in TFETs. Eventually, this property of TFET makes it a more suitable
transistor for low-power applications than conventional MOSFETs. The energy band
diagram of Figure 3.4 shows the edges of conduction and valance band in p-channel
TFET. When a negative voltage is applied to the gate terminal, then the band in the
channel region is lifted up, which leads to an overlap of conduction band energy of
the source with valance band energy of the channel region. As shown in the band dia-
gram, a tunneling window is confined at the source—channel interface, which acts as a
band-pass filter for the charge carriers trying to tunnel from the source to the channel
region. The energy bandgap of the channel region filters out the high-energy tail of

P* Drain

L0 05 0

— f{E)

FIGURE 3.4 Energy band diagram of p-type TFET showing the band-pass filter property of
TFET during the ON-state with the help of the Fermi—Dirac distribution function.
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the Fermi—Dirac distribution function while the energy bandgap of the source region
prevents the charge carriers with energies in the low-energy tail of the Fermi—Dirac
distribution function. This particular arrangement of energy band edges of TFETs
allows for only the charge carriers having energy around the Fermi-energy level to
tunnel through the barrier at the source—channel interface [33]. As the change in the
Fermi—Dirac distribution function around the Fermi-energy level is high as com-
pared to the exponential tails, most of the charge carriers contributing conduction
current must have energy around the Fermi-energy level to a steeper SS in TFETs.

3.3.1 TuUNNELING PROBABILITY

In contrast to classical mechanics, particles, such as electrons and holes, are treated
as a wave function in quantum mechanics, which penetrate through the potential
barrier rather than terminating on a finite potential barrier as considered in classical
mechanics. In TFETS, the energy barrier formed at the source—channel interface is
approximated by a triangular shape and the expression for tunneling probability is
formulated by applying Wentzel-Kramers—Brillouin (WKB) approximation. The
ON-state current in TFETs mainly depends on the value of this tunneling prob-
ability, which defines the probability that a charge carrier can tunnel through the
triangular potential barrier of a finite width formed at the source—channel interface.
The energy band edges of a p-TFET at the source—channel interface during ON- and
OFF-states are shown in Figure 3.5. It can be clearly seen from the band diagram
that there is no band overlapping between the conduction band of the source and
the valance band of the channel during the OFF-state while a tunneling path is
created at the source—channel interface during the ON-state due to a band-to-band
overlapping of A®. Tunneling probability based on WKB approximation [34] can
be expressed as:

Tuxs = exp (=2 [, |k(x)| dx) (3.9
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FIGURE 3.5 Energy band diagram of p-type TFET showing the formation of a triangular
tunneling barrier when switching from the OFF- to the ON-state.
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where x, and x, represent the two ends of the tunneling path while k(x) is used as a
wave vector for a charge carrier. By using the expression of k(x) for an electron with

energy E in the conduction band as k(x) = \/ 2m", /W (E - E.)=N2m",/h*(—e&x) and
considering the values of x, and x, to be 0 and E /e€, respectively, where & represents

the electric field at the source—channel interface, the tunneling probability can now
be expressed as:

3hee

4. 2m.E,>">
Toes = exp[—mg] (3.10)

The barrier width at the tunneling interface is calculated by adding the screening
length in channel 4., and source 4,,, [35,36]. After substituting the expression for &
as (E,+ ADye(4,+ 44,), equation (3.10) becomes

A + Aiop )W 2MLE, } -

3h(E, + AD)

TWKB = exp(—

It can be observed from this expression that the tunneling probability can be increased
by reducing the screening length in both source and channel regions. While 4,,, can
be reduced using a steep doping profile at the source region, 1, depends on the
electrostatic control of gate on the channel. Again, the value of total screen length
can be expressed as A = /(& / €, ), [35]. Thus, the expression of Ty, suggests
that using semiconductor materials with low bandgap, such as germanium, and com-
pound semiconductors, such as Si,_,Ge (whose bandgap can be modulated by varying
mole fraction x), at the input tunneling interface, the tunneling probability of charge
carriers can be enhanced as also the tunneling current in TFETSs.

3.3.2 BAND-T0-BAND GENERATION AND CONDUCTION CURRENT IN TFETS

Since the tunneling probability depends on the screening length in the channel region
A controlled by gate potential, band-to-band generation of charge carriers is found
to be high at the tunneling junction closer to the channel—gate dielectric interface. To
mathematically represent this band-to-band generation in TFETs, the existing BTBT
models use the expression as given by Kane [37] which is:

2 3/2
G(E)= A8 (— BE, ) (3.12)
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where A and B are popularly known as Kane’s BTBT model parameters and are
dependent on material properties and ¢ is the net electric field at the input tunneling
interface. To increase the BTBT generation rate in TFETS, the net electric filed in the
tunneling region needs to be enhanced. Based on the Landauer approach [35], the
drain current in TFETSs can be expressed as:

AD

Ip = . dED(E)V(E)T(E) fs(E) = fa(E)] (3.13)
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where D(E), v(E), and T(E) are density of states, group velocity, and tunneling prob-
ability, respectively. f,(E) and f,,(E) are the Fermi—Dirac distribution function in the
source and channel regions, respectively.

The most generalized method to find drain current in TFETS is to integrate the
BTBT generation rate of charge carriers given as equation (3.12) over the volume of
the device [37] and can be expressed as

Ip=q |G(E)dV (3.14)

3.3.3 BEHAVIOR IN THE SUBTHRESHOLD REGION

To analyze the behavior of TFETS in the subthreshold regime, the Landauer expres-
sion as in equation (3.13) along with the tunneling probability as given in equation
(3.11) can be used to derive the expression for SS. By neglecting the charge carriers
injected from the drain and considering the band interval in which tunneling occurs
as Ab=F, —E. ¢ (assuming E,=E (), drain current, I, can be represented as:

I, = MIAmﬁ(E)dE = MFS(ACD) (3.15)
h 0 h

With the assumption of dV;/0A® = 1/e, and the Taylor series expansion of integral
function F((A®) for small value of A®, the SS can be expressed as:

dlogip ! AD
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It can be observed from the expression that SS is independent of temperature unlike
MOSFETs and varies linearly with gate voltage as A® increases with increasing
gate voltage in contrast to MOSFETs in which SS does not depend on gate volt-
age. In fact, there are two mechanisms in tunnel FETs that result in SS steeper than
60 mV/decade. In the first mechanism, the voltage at the source—channel junction is
controlled by the gate bias when tunnel FETs are biased in the Zener breakdown.
With an increase in the gate bias, the electric field at the interface of source and chan-
nel increases due to increasing interface voltage, and eventually tunneling current
exponentially increases.

This phenomenon is referred to as the “voltage-controlled tunneling” [38]. In
the second process, the source—channel junction behaves as a low-pass filter as the
valance band edge of the source (for n-type channel) filters out the tail of nonequi-
librium electron distribution having high energy while being injected from source
to channel. This low-pass filter behavior causes an effective cooling to the Fermi
function, and this process is known as “cold-carrier injection” [39]. In the devices
with longer channel lengths (L., > 10nm), the current transport is dominated by the
“cold-carrier injection”, whereas the second process “voltage-controlled tunneling”
dominates the transport in shorter-channel-length devices [39]. When the gate bias is
low in log channel devices, “cold-carrier injection” determines the current transport
in tunnel FETs as equation (3.13). As the gate voltage increases, the current transport
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mechanism is shifted to the “voltage-controlled tunneling” due to an increase in
A® in the post-subthreshold regime. In tunnel FETs with short channel lengths, the
electrons of the source region find a thin and small tunneling barrier during the OFF-
state and, eventually, empty states of the channel are filled up due to direct tunneling
to the channel—drain interface. The direct tunneling of charge carriers from source to
drain reduces the probability of carriers crossing from E . to Ey, g, in the low-gate-
voltage regime, while switching the device from the OFF- to the ON-state. This even-
tually causes the overpassing of the low-pass filtering act of source Fermi function,
and as a result of this, the device is forced to exhibit “voltage-controlled tunneling”
[33]. Then, the subthreshold is mathematically calculated by the expression given as:

_ In(10) 3qh(E, + AD)’
el 4A2m" (EX?)

In the case of the “voltage-controlled tunneling”, T(E) (given as equation (3.8)), is
initially small but increases rapidly with increasing gate voltage, and SS is actually
decided by a change in the value of T(E). In contrast to “voltage-controlled tunnel-
ing”, the value of T(E) is close to unity and independent of the gate voltage when
“cold-carrier injection” dominates. SS now becomes independent of T(E), which
slightly changes with gate voltage and only depends linearly on A® as shown by
equation (3.13). This is why the process of “cold-carrier injection” provides us the
possibilities for a larger range of SS steeper than 60 mV/decade.

SS

(3.17)

3.4 AMBIPOLAR CONDUCTION: A MAJOR DRAWBACK OF TFETs

Since BTBT of charge carriers is responsible for current transport, which is mostly
confined to a narrow tunneling area at the source—channel interface, TFETs do not
suffer from SCEs during the downscaling of the device dimensions, thus rendering it
more worthy for future requirements of the device with compact on-chip device inte-
gration and low standby power dissipation. Apart from all of these merits, however,
TFETs have few critical roadblocks that include low ON-state current, inferior high-
frequency (HF) performances, and ambipolar conduction when compared to con-
ventional MOSFETs. Low ON-state current along with high parasitic capacitances
is responsible for the degradation of switching speed while ambipolar conduction
is found to limit the application of tunnel FETs in inverter-based digital logic cir-
cuits. In the last decade, most of the research efforts have been focused on improv-
ing the ON-state current to match with that of the conventional MOSFETs. Some
of these techniques, which are mainly based on the optimization of charge carrier
injection by narrowing the tunneling width at the source—channel interface, include
double-gate structure, strained source, lateral heterostructure, high-k dielectric of
gate, stacked source, using delta pocket adjacent to source, etc. The action of TFET
devices is mainly governed by the electrostatic phenomenon at the source—channel
interface but due to the symmetric structure, BTBT is also observed at the channel—
drain interface for negative (positive) gate biasing if n-TFET (p-TFET) is considered.
As a consequence of this, the TFET remains switched-on both during ON- and OFF-
states, that is, when the applied gate voltage is positive (for source-side BTBT) and
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FIGURE 3.6 Energy band diagram of p-type TFET showing the formation of a tunneling
window when the gate is biased with a positive value.

negative (for drain-side BTBT), keeping the same V¢ same (positive) if n-TFET is
considered. This behavior of TFET is known as ambipolarity, which causes more
static power dissipation during the OFF-state. The ambipolar conduction can even
cause circuit failure due to high standby power dissipation in CMOS-based digital
circuits such as inverters. Figure 3.6 shows the band diagram of p-TFET at a posi-
tive applied gate voltage. Further, it can be observed that there is a band overlapping
between the conduction band of the channel and the valance band of the drain region
causing tunneling of charge carriers during the OFF-state as well. However, the cur-
rent conduction at positive gate voltage is mainly due to the tunneling of electrons
(OFF-state), and when the gate voltage is negative, drain current is dominated by
the holes (ON-state). In general, the BTBT at the channel—drain interface can be
suppressed by reducing the doping level for the drain region as compared to source.
However, this ambipolarity is not completely eliminated; therefore, we need some
special techniques to mitigate it. In this chapter, two such techniques have been dis-
cussed, which are found to be very effective in reducing the ambipolar current up to
a large extent along with an improvement in the RF performances as well.

3.4.1 AsYMMETRIC GATE-DRAIN OVERLAP

The symmetric gate-drain overlap (SGDO) [40] can eliminate the ambipolarity in
double-gate TFETs (DG-TFETSs) but at the cost of increased parasitic gate-drain
capacitance. In addition to degradation in HF performances, this technique needs
a minimum overlap length of 30nm for a visible reduction in ambipolarity, which
eventually limits the device scaling. To overcome the demerits of SGDO, a promis-
ing technique of asymmetric gate-drain overlap (ASGDO), which not only elimi-
nates ambipolarity but also enhances analog/HF performances, can be applied to the
DG-TFET [41]. This ASGDO DG-TFET structure has its back gate overlapped with
the drain region, as shown in Figure 3.7. ASGDO DG-TFET avoids the trade-off
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FIGURE 3.7 Cross-sectional view of (a) symmetric and (b) asymmetric GDO DG-TFET [41].

between ambipolarity and HF performances by taking the merit of gate-drain over-
lap in terms of reduction in ambipolarity and suppressing its demerit with reduced
gate-drain parasitic capacitance. In ASGDO DG-TFET, only the back gate is over-
lapped with the drain region, which shows a remarkable reduction in ambipolar con-
duction for a smaller thickness of the channel when compared with SGDO DG-TFET
as proposed in Ref. [40].

Figure 3.8 shows the 1,—V, plot of the conventional, SGDO, and ASGDO
DG-TFET. It is clearly visible that ASGDO TFET provides a huge reduction in
ambipolar conduction compared to the other two devices. For the optimum value
of L,, (i.e., 20nm), the ambipolar current (/,,,) in ASGDO DG-TFET is found to

be 2.47x 1015 A/um, which is approximately 3 orders lower than that in SGDO
DG-TFET at V,,;=—-1V.
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FIGURE 3.8 Comparison of transfer characteristics between conventional, SGDO, and
ASGDO DG-TFET [41].
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FIGURE 3.9 Comparison of (a) relative widening rate of tunneling barrier at the C-D inter-
face and (b) energy band diagram between conventional, SGDO, and ASGDO DG-TFET [41].

Furthermore, it can be seen from the figure that /,,, is approximately the same
in both DG-TFET with ASGDO and SGDO up to a gate voltage of —0.4V, and it is
reduced at a faster rate in ASGDO DG-TFET if the negative gate bias is increased
further. This is because of the larger widening of the lateral tunneling barrier (W,,;,)
at the C-D interface in ASGDO DG-TFET compared to SGDO DG-TFET when
negative gate bias is increased beyond —0.4V as shown in Figure 3.9a. The rela-
tive widening of the lateral tunneling barrier in the proposed device is found to be
approximately 67% more than that of SGDO DG-TFET at V,;=-1V. The energy
band profile of all three devices in the lateral direction are shown in Figure 3.9b, and
the horizontal cutline is set at the center of the device. As shown in the figure, the
tunneling width at the C-D interface is found to be maximum in ASGDO DG-TFET
while the conventional DG-TFET shows a minimum value for it. The reason for this
is that the rate of widening of the lateral tunneling width with applied gate voltage is
higher in the proposed device than that in SGDO DG-TFET, as shown in Figure 3.9a.

Figure 3.10a compares C,, of ASGDO DG-TFET with those of conventional and
SGDO DG-TFET at different drain biases for channel length varying from 30 to
50nm. It can be observed that there is no significant impact of GDO on C, even if the
channel length is scaled down to 30 nm. Again, the impact of GDO on C,, is shown
in Figure 3.10b in which C,, is found to increase due to overlap, thus degrading the
RF performances.

3.4.2 DieLectric-ENGINEERED TUNNEL FETs

TFETs with a high-k dielectric pocket (DP) on the drain side (as shown in Figure 3.11)
can reduce the ambipolarity by a huge order number. Through 2-D numerical simula-
tions using Synopsys Sentaurus [42], it has been demonstrated that Dielectric Pocket
SOI-TFET (DP SOI-TFET) eliminates the ambipolar conduction completely even
at a large negative gate bias of —1.0 V [43]. The presence of the dielectric pocket
above the partially scaled drain region enhances the underlying depletion region at
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FIGURE 3.12 Transfer characteristics of the proposed device for varying L, [43].
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FIGURE 3.13 Energy band profiles of the proposed device for varying L.

the channel—drain junction, which, in turn, modulates the energy band structure of
channel and drain regions at the interface. The impact of the varying length of dielec-
tric pocket on the device performance is analyzed and shown in Figure 3.12. For the
simulations, 7)), is fixed at the optimum value of 5nm. It can be noticed from the
figure that ambipolar current decreases from 4.16 X 10~°A to 4.15x 10~* A when L,
is increased from O to 30nm.

For a better understanding, Figure 3.13 shows the energy band diagram of the
proposed structure for varying L. It can be clearly seen from the figure that the tun-
neling width at the channel-drain interface is increased when the length of the DP
is increased from 10 to 30 nm, thus causing a consistent decrease in I, . Since, the
tunneling width gets the maximum value for L, ,=30nm, no further decrease in /,,,,
is observed in TFETs for L, >30nm.

3.5 CONCLUSIONS

In this chapter, first, the fundamental issues associated with MOSFETs, when tech-
nology node enters into the nanometer regime, have been discussed in detail. Then,
in order to meet today’s demand of low-power consumption, the possible devices that
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FIGURE 3.14 Future prediction for tunnel FET mentioned in the ITRS Report, 2013 [44].

can replace MOSFETs from the current IC technology have been briefly discussed.
Since TFETs have been considered as the best alternative device to MOSFETs due
to their ability to have steeper SS, less than 60 mV/decade, and better immunity to
SCEs, the working principle of this device has been explained in detail. Furthermore,
two techniques such as asymmetric gate-drain overlap and dielectric pocket, which
can overcome a major drawback of TFETs, that is, ambipolarity, have been analyzed
and show that a remarkable reduction in ambipolar current can be achieved along
with an improvement in the HF performances. Even though a many studies have
already been performed to mature TFETS, this device is yet to be commercialized
and replace the MOSFET from current IC technology, which is mainly due to its low
ON-state current as compared to MOSFETs, ambipolarity, and, most importantly,
inability to practically achieve steeper SS as expected and claimed in the literature.
Even in ITRS 2013, it was predicted that TFETs will remain in the research only till
the beginning of the 2020s before they can be commercialized and used in integrated
circuits (as shown in Figure 3.14) [44].
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4.1 INTRODUCTION

Tunnel FETs (TFETs) have been present in most semiconductor research laboratories
in low-power applications for some years due to their improved electrical properties
in the device [1,2]. The main benefits of TFETSs are their low subthreshold swing (less
than 60 mV/decade) and very small leakage current. Carriers that tunnel from source
to channel cause current to flow in TFETs [3]. Because of this, TFETs have a very
low ON-current. In addition, TFETSs have an ambipolar current that is undesired and
should be reduced for improved performance. Researchers have employed a range of
structural/physical approaches to improve the overall performance of a TFET device
during the last few decades [4—6]. One of these is the double-gate TFET structure,
which can increase the device’s ON-state performance by increasing the number of
channels for current conduction [4]. The study of analytical modeling is critical for
correctly understanding the physics of a device. Several studies have previously been
published in this sector, utilizing various modeling methodologies to predict surface
potential, vertical and lateral electric fields, and drain current of TFETs [7-12].

This work represents the analytical modeling of a proposed heterostructure
double-gate pnpn TFET with a dual dielectric spacer and gate oxide of a high-
dielectric-constant material. To obtain the solution of surface potential at various
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places along the channel, the model employs Poisson’s equation and parabolic
approximation, as well as various boundary conditions. When examining the charac-
teristics, several parameter factors such as gate and drain bias, body thickness, gate-
dielectric thickness, and gate oxide materials are taken into account. The depletion
zones at both the source and the drain side are considered in this technique. Also,
the analytical expressions are extracted and validated using the Sentaurus TCAD
2D-device simulator [13].

4.2 STRUCTURE OF THE DEVICE AND
THE MODELING APPROACH

The TFET suggested in this paper is depicted in Figure 4.1 as a cross-sectional view.
The proposed structure is a double-gate structure with germanium and silicon-ger-
manium (mole fraction, 0.3) as the source and pocket material, respectively. High-k
HfO, (e=22¢,) followed by low-k SiO, (¢=3.9¢,) is used as the spacer material.
The dimensions of device parameters are shown along with the device structure in
Figure 4.1. The proposed TFET is n-TFET and it has a p* source (doping: 102°cm™3),
n* pocket (doping: 5 X 10'8cm™3), intrinsic (i) channel, and n* drain (doping: 10"¥cm™3)
regions. On both sides of the device, a metal of 4.25eV work function is utilized as
the electrode of the gate terminal. The material used in the source—channel junction
pocket is Si, ,Ge, with a germanium composition of 30% (i.e., x=0.3).

In order to perform analytical modeling, the recommended device is first par-
titioned into four areas, namely, Region 1, Region 2, Region 3, and Region 4
(Figure 4.1). The depletion regions in the source and drain side are denoted by Region
1 (length L,) and Region 4 (length L,), respectively. The channel is divided into two
parts, Region 2, which is the pocket (length L,), and the remainder of the channel is
Region 3 (length L,). For each of the abovementioned regions, the potential is com-
puted by solving the Poisson equation [14,15].

The 2D Poisson’s equation can be written as:

2. 2. _

10nm

Drain (n+)

30nm 2nm 20nm 30nm

FIGURE 4.1 Cross-sectional view of the suggested DG heterostructure pnpn TFET.
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where y; (x, y) the surface potential of the regions is R;(1, 2, 3, 4), ¢ is the electron
charge, N; is the doping amount of each region, and ¢ is the dielectric permittivity of
the respective regions of i =1, 2, 3, 4.

In the vertical direction, the potential profile of a double-gate TFET structure is
parabolic. Thus, using the parabolic approximation, the potential function is

vi(x, y)=a; (x)+as(x)y+as; (x)y 4.2
where a,;(x), a,;(x), and as,;(x) are the coefficients of the polynomial in y.
To evaluate y; (x, y) in equation (4.2), first, we have to calculate the value of all

coefficients present in equation (4.2). These coefficients can be evaluated using the
below-mentioned boundary conditions in the y-direction:

wi(x, 0)=w i (x) @.3)

l//i(x’ tsi)zl//s,i(x) @4

al//z X, )/ W;t )C) V/G/ (45)

a i 5 s, i - i
vi(x %y e (%) vfa/tﬁ ) @.6)

where  m=Cmil fori=1,2,3,4,  Cui=“1  for,i=2,and3,

V=i, i

2 o
Coxi = ()6‘” y for,i=1,and 4. Also, C;; = Esi, Vi for,i=1,2,3,and 4 and
ﬂ ()X l St, 1

V6.i=Voi= ViV, i =0u —@sis @i = Xi + Eg%q +¢r; where C,.; Cyiiy €oxis Esiis
toxsis Lsisi» WGi» Vipis Om> Osis Xis Eg i, and @y ; represent the oxide capacitance per unit
area, substrate capacitance per unit are, permittivity of oxide, permittivity of sub-
strate, thickness of oxide, thickness of substrate, gate potential, flat band voltage,
metal work function, semiconductor work function, electron affinity, energy band
gap, and fermi potential for regions i =1, 2, 3, 4, respectively. Now using the above
boundary condition equations (4.3—4.6) and equation (4.2), we obtain the coefficient
of equation (4.2) as follows:

a; (x)=y, (x), ay;(x)= Tliw, as;(x)= _Tli%

Substituting the above coefficients in equation (4.2) and solving for equation (4.1),
we get

o’y N
!//w(x%x ZV,H _q ZV,G,
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2
SV a)

where k; = 2%

Vai= ql%; c TVWa.i

where % is known as the characteristic-length of the surface potential in each zone

and y,; is the region-dependent parameter.
The equation mentioned above equation (4.7) is a second-order differential equa-
tion with the following generic solution:

Woi(x)=Cie " + Die" g, fori=1,2,3,4 . 8)

The following set of x-directional boundary conditions may be used to determine the
value of coefficients C,, C,, Cs3, C4, Dy, D,, D5, and D,,

v (0)= —"Tln(N‘) =V, 49
q i,
va(L)=y.(L) 4.10)
oWy (Ll%x _ ay/sz(Ll%x @1
W (L1+ L2)=y s (L1+L2) 4.12)
oy, (L1+ LZ%X _oys(Ll+ Lz%x @.13)
W (L1+ L2+ L3) =y, (L1+ L2+ L3) 4.14)
ay/S3(L1+L2+L3%x _ aws4(L1+L2+L3%x @15)
q ;>

2 i — Yy N. 2 i¥s, 4 N;
where L1 = M, L4= £ ‘W 4=V, 3| 3 are the calculated deple-
gNi (N, + N>) gN4(N3+N,)

tion region lengths on the source side and drain side, respectively.
And n;; and n;, represent the intrinsic carrier concentration of SiGe and sili-
con, respectively. Applying the above boundary condition equations (4.9-4.16) in
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equation (4.8), eight new equations can be obtained. These equations can be solved
to obtain the eight different coefficients of equation (4.8).

C
C=t,—-D,D = *‘*‘sz'*‘f2 &) ——*—Dz » Dy, = Gstyg + Dty + 147,
1) L I to to

1571 5% 136 135 71
Cy=———=D;—=,D3=Cyt3; + Dotz +133,C4, =— =Dy —,Dy = —
I I I3 I3 Iy

where
t1 = Viiy —=Wa1, 1, =2sinh(k Ly ),t; = W0 —Wa — tiexp(—kiLy ), 14 = 2cosh(k L)

ts = tlklexp( k Ll) 6 = COth(lel) t; = t3k1t6 I5,lg = exp(kle),

kite + k
to = t15(kits — ky ), ty0 = ATE eXp(kz(L1 +L2)),
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4.3 DISCUSSION ON THE RESULTS

Here, the solved model is analyzed in graphical form and compared with the Synopsys
TCAD simulated graph. The validation of surface potential is also determined for



74 Emerging Low-Power Semiconductor Devices

varying the device’s body thickness, gate oxide thickness, gate oxide materials, gate
voltage, and drain voltages. For TCAD simulation, we have used various models
such as the nonlocal band-to-band tunneling model, SRH recombination, bandgap
narrowing model, doping dependence mobility model, and Fermi Dirac statistics
[13,16-18].

The characteristic of surface potential with gate voltage variation is presented in
Figure 4.2, at a constant V), of 0.7 V. The figure shows that there is a sudden change
of potential in the junction between source and channel and drain and channel due to
a change of charge carrier numbers. On the other hand, it is almost constant through-
out the channel. It can also be visualized that the potential rises as the gate voltage
rises, as the channel’s gate control improves with higher gate voltage. In addition,
as the gate voltage rises, the depletion charge rises, causing the surface potential to
increase.

Figure 4.3 depicts the dissimilarity in surface potential with drain bias, and it can
be seen that the fluctuation is only substantial at the drain edge. The potential curve is
almost invariant in the source and channel regions. With increased drain voltage, its
value marginally increases near the drain edge. As a result, the drain voltage is less at
the source—channel tunneling junction. However, in the TCAD simulated graph, the
variation of potential with V is also observed in some parts of the channel, which
may be due to the effect of the spacer dielectric included in the simulated device. The
impact of the spacer dielectric material is not included in the modeling process. As
demonstrated in Figure 4.4, variations in body thickness also affected the device’s
performance. Slight changes occur at the source—channel and channel—drain junc-
tion, showing the highest value at 10nm body thickness. The junction potential has
a decreasing behavior with increasing body thickness because of the lowering of
capacitive coupling between the gate and the substrate. The good agreement between
the modeled and simulated plots demonstrates the modeling approach’s validity.

The type and thickness of gate oxide material have a major influence on device
characteristics. If the gate-dielectric thickness is varied, the behavior of potential
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FIGURE 4.2 Characteristics of surface potential along x-axis for different V at constant
VDS.
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FIGURE 4.4 Characteristics of surface potential along the channel x-axis for different
values of body thickness.

also varies, which can be perceived from Figure 4.5. The difference is more sig-
nificant in source—channel and channel—drain junctions. The slope of the potential
curve slightly decreases at both junctions as we increase the oxide thickness due to
the degradation of control of the gate over the channel. As the gate oxide materi-
als vary, the dielectric constant also varies, and the potential variation occurs from
source to drain throughout the channel (Figure 4.6). It is easy to see how the poten-
tial value rises when the gate oxide material’s dielectric constant rises; the highest
value observed was for HfO, with a dielectric constant of 21, and the lowest for SiO,
(dielectric constant of 3.9). This is because the capacitive connection between the
channel surface and the gate is increased, as a result of which the dielectric value is

increased.
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4.4 CONCLUSIONS

An analytical model of surface potential for a suggested double-gate TFET is estab-
lished in this paper. Sentaurus TCAD software is used to validate the proposed
work’s outcomes. The modeled and simulated plots are in good agreement. The
source depletion area and drain depletion area are considered in all cases of ana-
lytical modeling. The surface potential is explored for adjusting several factors such
as body thickness, gate-dielectric thickness, gate-dielectric material, gate bias, and
drain bias, among others, to determine the correctness of analytical modeling. The
proposed model in this paper is validated by the close proximity of the modeled and
simulated graphs.
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5.1 INTRODUCTION

Similar to metal oxide-semiconductor field-effect transistor (MOSFET), the tun-
nel field-effect transistor (TFET) has the same structure, but the key mechanism
of switching varies. In distinct typical MOSFET, the TFET switching mechanism
is accomplished by manipulating the quantum tunnel flowing through the barrier,
rather than modifying thermionic emission at the barrier. The transistor consists of
three or four poles whose components are built using silicon. This type of transistor
operates on the idea of a gate with a tunnel, and its basic structure is a closed PIN
diode. It offers several benefits over MOSFET [1]. Because of the reduced output
current, the subthreshold swing (SS) is not limited to 60 mV/decade, and there is
improved resistance to short-channel effects (SCEs), suitability for low-power appli-
cations, faster tunnel working speed, and considerably lower threshold voltage and
current. The gate of a well-designed TFET must efficiently alter the width of the tun-
nel barrier. To satisfy this criterion, the tunnel junction must obviously be built with
the gate modulation electric field component in the same direction [2]. Controlling
the carrier injection mechanism optimally enables improved regulation of the drain
current level. Based on this idea, many TFET designs may be constructed, and an
attempt to employ oblique source coupling in this approach has recently been made.
For low-power and high-speed applications, consider TFET as a viable alternative
to MOSFET. When compared to other alternative device designs, TFET is built by
the reverse-biased gate, which have the benefit of being applicable for the process-
ing of CMOS in a normal condition [2]. These types of transistors do not depend
on any other processes such as the impact of ionisation, and so they are known as
unreliable sources. Silicon-based TFETSs have been investigated as electrostatic dis-
charge (ESD) protection devices and proposed for use in ESD protection networks.
It has been established that utilising TFETs in place of conventional ESD diodes
in on-chip ESD circuits can enhance the reliability of on-chip ESD protection by
introducing secondary discharge pathways.
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FIGURE 5.1 Comparing MOSFET and TFET.

5.2 OPERATING PRINCIPLE OF TFET

A TFET component’s construction is similar to that of a MOSFET. Although the
source and depletion of a MOSFET are doped with the same type of dopant, the
source and depletion of a TFET are doped in opposite directions as show in Figure 5.1.
The trapezoidal range profile is formed by the potential at the intersection of p; and
n;. Built-in potential barriers prevent electron and hole currents from flowing, when
a marginal V) is applied to the steady state. The channel’s bands increase when a
negative gate bias is introduced. The charge carries tunnel across the band gap, when
the system valence band increases over the conduction band (CB) source, thus also
resulting in the negative V. Holes accumulate in this channel, the working mode of
P channel at ON state in the TFET. A positive V and a negative V,; can be used to
generate the n-channel ON-state.

For a large negative V), value, saturation occurs similarly to the situation of a
MOSFET. The combination of a large V), value and only a moderate V¢ may even
produce a potential distribution of two transitions at same time tunnelling, which
leads to the operation of V,—I,,. Devices such as n-channel and p channel TFETs
that work in the same device are called bipolar devices [3,4]. For a large enough
positive V), the connection configuration is forward biased, which implies that in
the absence of a gate voltage, since electron—hole pair currents can both propagate,
an increasing diode characteristic results in barriers, but not at the same time. A
forward-biased tunnel diode operates with no net current for electrons on both sides
of the junction with equal amount of energy levels. A great current flow, on the state
of electron flow, occurs in the region of n-type to the p-type of the device [4], but
when electrons enter the tunnel from the north side, the current reduces to a very
small amount. Electrons are expelled through the barrier as a result of thermal emis-
sion, and the current rises once again.

5.3 STRUCTURE OF TFET

TFET is mainly used for low-power devices, and for its application, we employ band-
to-band tunnelling (BTBT). By comparing with the structure of MOSFET, it con-
tacts surfaces showing variation in the opposite doping polarity. In the source region
of TFET based on different polarities, in nTFET, the source region is the p-type,
and for pTFET, the source region is the n-type. There are several variants of the
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FIGURE 5.2 p-i-n TFET structure.

fundamental design, such as various gate overlaps or doping profiles. In doping the
TFET, the Fermi level is associated with the valence band edge of the source region
[5]. The TFET works by controlling the electrostatic potential at these places via the
gate contact, permitting and opposing BTBT tunnelling among source and channel
regions. The connection is given as reversed as in the source and drain, and it stimu-
lates the diode to work on reverse as shown in Figure 5.2. In the diode, current flows
in reverse leakage in the OFF condition, and this occurs often due to the diffusion
current of the minority charge carrier.

The source is depleted as V¢ increases; then, the electric current near the channel
connection increases. It causes an increased bending of band at the source—channel
junction. At a certain Vg, known as the onset voltage, the tunnel CB crosses over
with the source valence band, allowing for tunnelling transitions between these two
channels.

These transitions can occur directly between the maximum valence band value
and minimum CB value in the section or indirectly between the highest valence band
value and one of the CB values. In the second situation, the conversion is supported
by phonons. The TFET is essentially a band pass filter, with only the statuses in the
overlapping band contributing to the total current; as a result, the Fermi distribu-
tion’s high-energy and low-energy states are taken off [5]. This state is similar to the
conserving of traditional equipment: The regions above the Fermi level have a lower
population density at lower temperatures, which reduces the output current and leads
to an abrupt SS increase.

5.4 DEVICE DESIGN AND IMPLEMENTATION

The tunnelling FET design has been modified and efficiently designed in 30 nm tech-
nology using various materials by modifying the materials used for the drain, source,
and channel. In particular, we designed a TFET heterostructure and a simple silicon
TFET PIN structure in this work. SOI wafers are used in the development of the PIN-
TFET workflow. The workflow utilises a high-quality metal gate technique based
on the CMOS technology. Materials with a higher relative dielectric resistance are
utilised to minimise leakage current and enhance productivity. The function of the
diode between the source and drain must always be monitored while testing these
contact design TFETs to ensure that the source/drain implantation half-masks are
aligned. When measuring the characteristics of /,,—V/, the total current at the termi-
nals must be checked to measure the actual tunnel current [6]. Managing germanium
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offers a number of difficulties, including obtaining a suitable gate dielectric surface
and dopant initiation. However, because of its better mobility and several solutions
to these processing issues, germanium has been actively researched as a channel-
replacement material for MOSFETSs.

Because of such benefits, the use of germanium to increase TFET performance
is being investigated. It has been proven possible to create TFETSs utilising silicon/
germanium heterostructures. Because the tunnelling effect occurs mostly at the PIN-
TFET structure’s source—channel interface, reducing the band gap in this location
will be linked to the investigation of utilising silicon-germanium heterostructures
at the interface of the source and channel. Additionally, to understand the basics of
silicon, the structure of silicon is used as an additional advantage [7]. Germanium
provides the advantage of the tunnelling method having the lowest germanium band
gap, and it also has the benefit of a good dielectric silicon gate contact. The tun-
nelling FET with excessive-k substances may be used as excessive semiconductor
devices with high overall performance. Even after continuous functioning of transis-
tors, high-k dielectric substances are still rare. The usage of high-k material provides
sufficient electrical stability [6,7] and the quantity of rate within the excessive-k. The
material employed must be scalable because it exhibits an appropriate stage of elec-
tron and hollow mobility even at reduced thickness.

5.5 CIRCUIT DESIGN FOR TFET PERFORMANCE

At the device level, TFET is superior to conventional TFET design. However, the
characteristics of such circuit-level devices have yet to be studied. This section stud-
ies the enactment factors of TFET-based circuits and compares them with their
Fin-FET equivalents. In terms of performance, the two devices channel lengths are
maintained constant at 14nm, and there are several circuits that emphasise perfor-
mance, such as mirror circuits.

5.5.1 CURRENT MIRROR CIRCUIT

The current TFET-based mirrors are analysed and compared to their Fin-FET equiv-
alents. The basic structure of the current mirror circuit is shown in Figure 5.3. Since

Programmin Mirrored
current 11 12 current
R1
TR2
TR1

4 a4

FIGURE 5.3 Current mirror circuit.
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the resultant impedance of TFET is higher than the Fin-FET current mirror, the
TFET current mirror can provide accurate output current. In addition, both current
mirrors provide better /,,, accuracy at an input current of 10 uA compared to an
input current of 50 pA. Characteristics of conventional and cascaded current mirrors
are as follows. The cascade transistor increases the output impedance of the current
mirror, thereby obtaining improved saturation performance in the saturation range
[8]. In FET tunnelling, the output impedance is quite high, and these devices exhibit
excellent /¢ saturation characteristics in the saturation band.

The above diagram shows the architectural structure of a current mirror circuit.
In addition, the cascaded stage delay I, is saturated; this reduces the working func-
tionality of TFET-based current mirrors. As a result, in situations where extremely
exact replication is not required, traditional current mirrors based on the TFET may
be preferable to cascaded current mirrors. Current TFET mirrors have better perfor-
mance than Fin-FET mirrors.

5.5.2 TFET-Basep SRAM

To store the data for forever in the memory circuit, we need a static state. The infor-
mation storage cell, which is the one-bit memory cell within the static RAM arrays,
consists of an easy latch circuit with two stable operative points. Counting on the pre-
served state of the two electrical converter latch circuits, the data being command in
the memory cell are going to be understood either as logic 0 or logic 1 [9]. The 6-T
SRAM’s browse and write performance is mainly limited by the size of the transistors
in the read stability and write capabilities of a 6-T SRAM cell as shown in Figure 5.4.

BL INV1 INV2 BLB
M1 M3
WL WL
M5 M6
QB
Q

M2 M4

N i

CBL CBLB

WRA

FIGURE 5.4 Circuit design of SRAM.
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The N-curve simulation approach is employed. The N-curve may explain the entire
practical analysis of the SRAM cell in terms of performance-moving parameters deter-
mined by static voltage noise margin, static current noise margin, and write trip current
WTIL TFET SRAM cells use internal read access transistors; therefore, they suffer
greater read damage and less than 50mV at V,;, = 0.6 V. TFET SRAM cells 7T and
8T use read buffers to read the current path. A storage node is added from the cell to
reduce read interference, despite the fact that the SRAM-TFET-7T cell utilises one
transistor for reading rather than the two stacked transistors in the SRAM-8T-TFET
cell. It should be noted that because TFETs have unidirectional current flow charac-
teristics [10], the transistors in the 7T TFET cell can be read, and this prevents current
from passing into the input node from the unselected cell in the read transistor of the
specified bit line. The 6T TFET SRAM design is depicted in the diagram below.

Write Mode: Because TFETs can only conduct current in one way, all TFET
SRAM cells are utilised in the writing procedure. As a result, the WSNM of
the TFET SRAM cell is much lower than that of the ST-MOSFET-SRAM cell.

Writing Assist: To improve the writing capability and performance of TFET
SRAM cells without the need of extra cell circuits (for example, using full
conduction gates in place of single pass transistors to improve the writing
process), circuit technology that allows for writing in the form of virtual
ground Pin and floating power (can be written using the FP line) can be used
[11]. Using the FP Write Assistant has significantly improved the WSNM of
the SRAM-TFET-7T/8T cell.

The structure of the SRAM cell and the resultant to the read and write path: The
SRAM 4T DL Fin-FET cell presented use for the independent gate control capabil-
ity. The fundamental concept is to merge the accessible transistor and the extraction
transistor into a gate extraction device that can be operated separately, with the back
gate acting as the access transistor.

5.6 TFET FABRICATION AND CHARACTERISTICS

The concept of using planar transistors in silicon-on-insulator substrates in TFET: TFET
fabrication follows a manufacturing flow that is quite similar to that of normal CMOS
manufacture, making the TFET a highly appealing device for the semiconductor indus-
try to adopt. Molecular beam epitaxy (MBE) is used to produce a 100nm intrinsic sili-
con layer using an n+ doped silicon substrate, which acts as the channel area (source).
The intrinsic layer is produced first, and then the silicon epitaxy layer is doped, which
works as the drain. On the sidewall, the gate oxide is produced, and then the n+ doped
polysilicon is coated as the gate interface. Diffusion alloying can also be used to create
TFETs [12]. The SOD layer’s external diffusion might first create the highly doped n
or p regions. The surface doping concentration p achieved via diffusion is quite high
when compared to the MPE doping technique. This manufacturing method begins with
silicon with its own additives, which is utilised as a substrate. To restrict the diffusion of
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FIGURE 5.5 Schematic of the fabricated Si line tunnelling TFET.

p dopants, n+diffusion occurs before the p+diffusion [13]. Following all diffusion pro-
cesses, the oxidation process occurs. The length is 1 m, and the thickness of gate oxide
is about 4.2nm, in order to compare with the experimental gadget.

A high doping level and the thin gate oxide are the primary requirements for
excellent performance of tunnel effect transistors. In order to meet these technical
requirements, production technology must improve. An improvement required for
vertical TFETSs, vertical group diodes, self-levelling gates, and shallow trench in iso-
lation (STI). Based on the etching profile, the etching process may be divided into
two types: isotropic etching and anisotropic etching [14,15]. The etching of the sub-
strate material is independent of direction in isotropic etching, resulting in lateral
etching of the substrate as illustrated in Figure 5.5. The dimensional changes caused
by side etching during lateral pulling should be considered. The etching technique
may be divided into two types based on the etching environment: wet and dry etch-
ing. Initially, wet etching was most commonly used in the IC industry. Dry etching is
becoming more common in today’s semiconductor production lines.

5.6.1 HomojuncTiON VERTICAL TFET FABRICATION

The InAs TFET is constructed using the same parameters as those for Sib-based TFET.
It is a homojunction TFET device because all its source, gate, and drain contain InAs
material. To enhance the device’s surge current, a material with a smaller band gap can
be used instead of Sib-based TFET devices. To maximise the tunnelling effect and
boost surge current and oscillation below the threshold of TFET devices, low-band-gap
materials (such as InAs) are utilised for the source, drain, and the channel.

The first-generation transistor is used because it is not a flip gate and does not
set itself. Figure 5.6 shows the homojunction schematic of InAs TFET. This sec-
tion describes the use of In, ;Ga, ,; As to fabricate a vertical homojunction tunnel
transistor [16]. The gate dielectric is deposited using a vertical TFET fabrication
process mentioned above, the atomic layer deposition (ALD). The basis of ALD is
self-limiting atomic layer-by-layer growth and very conformal coating. ALD is dis-
tinguished by the pulse of chemical precursors that combine to produce one atomic
layer and one cycle.
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FIGURE 5.6 InAs homojunction TFET schematic.

As a consequence, conformal coating with no pinholes is accomplished in deep
pores, trenches, and cavities. In the forward bias domain, gate-controlled nega-
tive differential resistance characteristics may be detected, following which, a
standard diode switch at a greater negative drain is turned on to provide voltages.
Upon oxide-semiconductor contact in the NDR region, in the p + source area, direct
BTBT activity occurs in the CB to valence band channel. The BTBT current is
temperature-independent in the pre-NDR region, the valley current or surplus cur-
rent is temperature-dependent, increasing with increasing temperature and decreas-
ing ultimately to the valley current ratio.

Compared with Si TFET, InAs TFET shows improved surge current and sub-
threshold fluctuation. As in InAs material, its energy gap (0.45eV) is smaller than that
of silicon (1.1eV) [16]. This shows a significant improvement in the subliminal fluc-
tuation value of 42.16 mV/decade. Figure 5.7 shows the comparison between Si-based
and InAs-based TFET. Therefore, this device configuration shows promising perfor-
mance, but it is ineffective for low-power, high-performance applications.

According to the findings of the experiments, the InAs TFET device configura-
tion exhibits good SS. The TFET device has made significant progress and is now
a viable option to replace MOSFETs in low-power, high-performance applications.

5.6.2 HeterojuncTION TFET DESIGN AND FABRICATION

Atroom temperature, tunnel FET transistors may attain switching edges of less than 60
mV/decade, allowing for the power supply voltage to be increased. The heterojunction
TFETs based on III-V semiconductors are gaining popularity due to their maximum
ON current and OFF current ratio (I,,/I ,r) and high ion limitation. Using AsSb-based
heterojunction hybrid TFETs, a wide range of adjustable effective barrier heights can
be achieved. A heterojunction TFET n-channel FET with a suitable band gap design is
believed to produce 135 pA/um MOSFETs with a high 1,,y/I 5 of 104 at 0.5V Vs [17].

Instead of using a p+ source as part of a traditional TFET, the tunnel connection
is located among the p+region and a thin n-layer with full drain below the gate as in
Figure 5.8, thus reducing the width of the tunnel and causing adjacent tracks to bend.
Compared with the traditional gate oxide TFET, its pocket improves the tunnelling effect
by achieving steep subthreshold conductivity while also providing high ion concentra-
tion. In a heavily doped (P*) N-channel TFET substrate, the device design can be opti-
mised to reduce design costs, improve design efficiency, and achieve the best device and
technology development. Simulation can be used to predict the electrical performance
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FIGURE 5.8 GaSb-InAs heterojunction TFET schematic.

of equipment. The selection of source/channel materials with a smaller (effective) band
gap is critical for enhancing tunnelling current while decreasing OFF current.

A tunnelling FET’s ON-state current might be significantly boosted by using
materials with lower band gaps. Electric current passes from the source to the chan-
nel region, and then vice versa. When current travels from a drain to a channel and
then back to the source, the tFET uses a MOS gate to drive the band-to-band tunnel
through the resulting pn junction. An n-channel TFET’s cross-section and band dia-
gram in its OFF and ON modes, which prevents band-to-band tunnelling, are shown.
When the gate movement is small, the bulk of the channel valence band may flow
better than the drain CB’s bottom [17], which it connects the channel to the drain
via an electron tunnel. The channel conductivity varies from one kind of carrier to
another in this situation, and the transient response is bipolar. This is a rather typical
occurrence, using TFET geometry.

5.6.3 ErrecTt OF DOPING CONCENTRATION

The intensity of doping has a significant impact on the TFET’s performance. The
integrated V,; piis determined by the doping concentration, which also specifies the
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FIGURE 5.9 Concentration of doping affects the potential of the p-i-n structure and band
bending at junctions.

potential with offset required for tunnel building, as well as the V,,; and V used.
The biggest V,, is the smallest V,,, that produces a similar band bending. All electric
fields that enter these regions are filtered by the charge carriers at the region of source
and drain. A higher doping concentration decreases parasitic series resistance in a
component construction based on doped lines because the doped semiconductor resis-
tance decreases as the doping concentration increases [18]. Despite the reality that
this impact may be shown in experimental data, it is observed in the current study. At
Vps 0.1V, the distance between the chemical capacity and the related band side varies
up to 50-350 meV. The shifting internal potential is represented by a change in the
distance between the n and p branches. The higher the level, the greater the bipolar
influence. At the lowest possible doping concentration, V is relatively low because
the intrinsic potential cannot be compensated; therefore, the transmission is blocked.

The current level rises when doping concentration increases; however, there is
another negative effect that offsets the advantage of high doping concentrations. At
about V= 1.5V, the slope below the threshold declines rapidly at high doping con-
centrations as shown in Figure 5.9. Increased alloy concentration [18]: The extended
Fermi distribution shifts in the direction of the source CB as doping levels increase.

This suggests that there must be a trade-off for doping concentration. On the other
hand, excessive levels of high current need excessive doping degrees. A high slope,
on the other hand, restricts the number of permitted doping degrees. The current
change is influenced not only by the potential attached but also by the screening
length. In addition to the band bending at the intersections, the doping has an effect
on the p-i-n structure’s inherent potential. The output current is standardised as a
consequence of VDS [19]. Because of the curvature of band increases, the nonlinear-
ity of the onset decreases as the doping level increases. Doping concentration is a sig-
nificant element that influences TFET performance in various aspects. The optimum
choice is quite narrow, but based on the research given, a Fermi level of 50-100 meV
in the case of silicon, the band looks to be the most capable.

5.6.4 SuBTHRESHOLD AND OuUTPUT CHARACTERISTICS

When compared to traditional silicon MOSFETSs, the exponents are generally rec-
ognised to have high contact resistance and contact Schottky barriers; TFETs are
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predicted to exhibit this behaviour even with the best connections. We tested the for-
ward current of the p-i-n structure under comparable bias settings to exclude any pin-
related effects in our device in 100 mA mode. This suggests that the index can initially
be explained by the large number of subvolumes of the return channel when the device
is turned on, rather than by the effects related to contact. For reversible loads, the
energy band in the channel becomes very weak compared to the external gate voltage
[19]. However, the degree of channel potential build-up is determined at the drain con-
tact in the Fermi level energy region. The channel potential varies as you travel, caus-
ing a nonlinear performance. Only when the state of the channel strip corresponds
exactly to the voltage of the external gate can the linear start be expected. It is too
large for a device with quantum capacitance because SOI-TFET is a two-dimensional
system with density solid conditions on the channel. As a result, lowering the density
of states in the channel is one technique for obtaining a linear start. A further in-depth
study of the output characteristics reveals that the total current intensity is lower than
that of standard silicon MOSFETSs, which is related to the lower tunnelling probabil-
ity. Ion limit compared to classic MOSFET: To obtain the upper limit, the gate length
depends on the saturation current shown in the illustration.

The measurement error is 1%, and the output current is independent of L, which
indicates that BTBT is the main leakage event. Doping has no effect on the minimal
inverse subthreshold slopes. However, when the doping concentration increases, the
average inverse subthreshold slope improves. This implies that there is no evidence of
an excessive doping concentration, which might worsen the anticipated subthreshold
slopes [20]. There is no noticeable trend for the n-branch at positive Vg, most likely
due to activation difficulties in the case of boron. Dopant cluster formation and out-
diffusion are two examples of effects, particularly at high doses, which may result in
an unintended dependence of active doping concentration on implantation dosage that
is not even accounted for in process models. When the n and p branches are compared,
the finding of variations in doping concentration cannot account for the significant
difference in reverse subthreshold increases seen in both branches. Figure 5.10 shows
the output characteristics of TFET. Saturation is unique for all dosages and follows at
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FIGURE 5.10 Output characteristics of TFET.
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the same Vg, indicating that the threshold voltage fluctuation across models is mini-
mal. As predicted, the present levels correspond to the implantation dosages.

5.7 TFET CIRCUIT EVALUATION METHODS

5.7.1 TFET Circuits AND CURRENT MODE LoGIC

Current mode logic (CML) employs a set of differential digital logic. The CML gate
has a tail current source, a current control core, and a differential load. CML’s gate
operating approach involves changing the DC current via the input transistor’s differ-
ential circuit and causing the decreased voltage swing on the output on both the load
devices. Because CML is rarely utilised in fundamental circuit design, its distinct
characteristics, such as low latency and constant power consumption, may be applied
in specialised applications such as DPA measures. CML gates based on TFETs have
also lately been developed. Early CML gate circuit designs relied on a recently dis-
covered GaSbInAs heterojunction TFET, which increased ON-state current with
heteroband alignment. When compared to CMOS counterparts [21], TFET-based
CML designs consumed less power. However, TFET-CML gates had been displayed,
and TFET-CML is now no longer used in any respect within the hardware safety
domain. To thoroughly assess TFET-based logic not just in terms of old metrics such
as latency and power but also in terms of novel criteria such as security, the sche-
matic diagram of CML circuit is shown in Figure 5.11.

The pull-up network for TFET-CML is made up of two resistors or two P-type
TFETs (PTFET). Because contemporary technology’s power consumption and resis-
tance area are much larger than those of field-effect transistors, pull-up networks
based on field-effect transistors are predominant. The pull-up network functions

VDD
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FIGURE 5.11 Schematic diagram of CML circuit.
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primarily as a load device, controlling the voltage drop on the output DC [21]. The
resistance of the PTFE may be changed to adjust the output voltage simply by modi-
fying the grid bias of the P-type FET.

5.7.2  DEsSIGN OPTIMISATION

The TFET I,y increases as the oxide thickness decreases. The narrower crawler trac-
tor opens a vertical tunnel on the lower V. Gate greater than 1.2nm significantly
increases gate leakage current. It has been perceived that TFET provides the best
performance when the oxide thickness is in the 2—4 nm range. The capacitive cou-
pling between source and gate is improved. The gate oxide layer thickness and the
dielectric constant are complementary, and the combination of the two may charac-
terise the sensitivity of the gate voltage across the tunnel junction, which affects the
device’s performance. When the effective channel length is scaled [21], the TFET
performance does not change. This is because the source and drain are not aligned in
a plane. Effective channel length and scaling of 12 nm increases the device’s turn-off
current while decreasing the TFET’s overall performance. However, the gate-source
capacitance also increases at the same time, which limits the high-frequency applica-
tions of the device. This is a compromise between /,,, and Cg. The equipment design
optimisation is relevant to the respective material and alloy concentration. However,
it is dependent on the substance and the concentration of doping. Any escalation in
the epitaxial layer’s doping concentration will result in an increase in /)y and /.

Understanding the device’s usefulness necessitates investigating the operational
characteristics of the TFET circuit. The operational parameters of the inverter circuit
were briefly studied in order to understand the circuit characteristics of the TTFET
construction. The inverter circuit is implemented in the Cadence Virtuoso environ-
ment using the Verilog-A model of the planned construction of the TFET device. Due
to the sharp drop below the threshold [22], the TFET inverter turns on and off, and
then turns on and off very suddenly. The inverter circuit delays energy as a function
of supply voltage.

5.7.3 EvaLuATION OF THE SECURITY OF TFET-BAseD CML GATES

Although the hardware implementation of the encryption algorithm can provide better
performance and speed, it may reveal some physical information to retrieve sensi-
tive data. CML can perform different functions according to different settings. When
stacking planes and various pairings are taken into account, the latency of a gate with
more than three planes surpasses that of an analogous static multiplexer with three
planes; in order to accomplish optimisation, the number of stages of differential pairs
is restricted to three. Four CML functions based on two-input TFETSs with a two-layer
structure are introduced. As inputs, each gate contains three differential pairs. The
power supply voltage and peak-to-peak voltage characteristics serve as the foundation
for other factors such as transistor size and bias voltage. To reduce the area, the TFET
width is equal to the technical length. The TFET-CML gateway is used for lightweight
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encryption implementation [23], and we will first carefully study TFET-CML from
a hardware security perspective. The primary idea of differential energy analysis, as
we know, is primarily based totally at the energy intake within the circuit transition.

Static XOR TFET gate and differential XOR TFET gate power supply line:
Obviously, the XOR-TFET-CML valve provides almost constant power, rather than
a significant power surge from a static XOR element. The static XOR element filters
extra information for attackers to discover the cryptographic system’s internal opera-
tions. However, the TFET-CML-XOR gate’s nearly constant power consumption
offers little information about the conversion of the data. Furthermore, as previously
mentioned, the shift from zero to one is clearly represented in the transition from one
to zero. On the CML gateway, attackers can recover some information after a power
outage, but it is difficult for them to determine the value of the processing logic.
CML is not commonly used to construct cryptographic hardware due to its huge
size and high-power consumption, particularly in lightweight cryptographic sys-
tems. Researchers often use other methods to protect encryption schemes from DPA
attacks. It already contains a large amount of computing power and consumes rela-
tively large energy and space. Therefore, when considering devices for the Internet of
Things, WSN nodes, etc., CML based on low-power TFETS is particularly valuable.
The energy advantages of TFET-based CML valves also promise that they would
continue to optimise our circuit specs and develop standard CML libraries. As stated
earlier, the beauty of creating a standard cell library in the current mode is that you
can use standard logic gates to generate additional logic gates that follow the patterns
in the CML design pattern. In addition, various configurations of the driving force of
the logic element can be realised by changing the tail power supply. TFET can help
improve the circuit’s resistance to CPA attacks while yet consuming lesser power
than comparable CMOS devices.

5.8 PERFORMANCE AND RELIABILITY ISSUES

FETs are distinguished by their low Iz, SS, resistance to short-channel impacts, and
compatibility with CMOS technology, which are all advantages, making them excel-
lent for accurate low-power applications. Due to the tunnelling phenomenon, it is
unable to meet the growing demand for very high-speed and low-power applications
(BTBT). Another drawback of TFETSs is their bipolar conductivity, which can lead
to significant issues such as inverter logic circuit failure. Device performance has
mostly been studied for several new device architectures and TFET material designs
in an attempt to improve device operating functionality [24]. In order to evaluate the
device’s dependability and suitability for applications covering a wide temperature
range, its performance on the device impact must be evaluated. Furthermore, it has
been claimed that the dependability of TFETS is a more significant issue than that of
MOSFETs because of field tunnelling variations produced by interface trap charge
(ITC). A larger electric field is necessary near the tunnel junction (source—channel
junction) in FET tunnelling to minimise the width of the tunnel barrier; however,
this high lateral field might contribute to trap formation. Local charge and interface



94 Emerging Low-Power Semiconductor Devices

(donor and acceptor) (positive and negative): These charges of deception may have
significant consequences for equipment dependability and longevity. The device’s
performance, on the other hand, is constantly affected by the operating temperature.
The operating temperature of the microcircuit and the device rises significantly as
the microcircuit increases heat dissipation.

5.8.1 RaDIATION RELIABILITY OF Low-PowEer DEvICES

Radiation-induced single interference, also known as soft error, has become a serious
concern for data centre applications as the number of computer nodes increases. If
the soft error rate (SER) of each state bit of each generation of technology increases
by 8%, the error rate of each chip is expected to increase by 100 times from the 180-
nm node technology to the 16-nm node technology, which may lead to significant
system reliability. This is lowered by reducing the load on the circuit nodes, and scal-
ing Vp, poses a greater challenge in keeping SER low [25]. As we know, they are
good candidates for realising TFET to lower the tunnel barrier. However, because of
their low ionisation energy, these narrow-band-gap materials are more susceptible to
radiation than silicon.

5.8.2 MOoDELS OF THRESHOLD VOLTAGE

One of the most important aspects of a MOSFET is its threshold voltage. A MOSFET’s
threshold voltage has a straightforward physical description. It is the gate voltage when
the quantity of charge in the channel’s conductive barrier layer is the same. A conductive
inversion layer is created however due to tunnel barrier modulation, and this definition
cannot be applied to the TFET. Another contrast between TFETs and MOSFETs is the
existence of two threshold voltages at the gate and drain. Even though the gate bias is
maximum in the OFF state of a TFET, the channel potential is made equal to the drain
potential when the drain bias is low. When the drain bias voltage rises, the TFET flips
from OFF to ON, and the drain threshold voltage is produced as a second threshold value.
As a result, the threshold voltage requirements for MOSFETs cannot be directly trans-
ferred to TFETs. The constant current technique, which is based on practical factors, is
one of the oldest methods for determining the threshold voltage of a TFET [26]. As the
gate voltage increases, the threshold voltage consumed by this approach reduces. This is
because a higher gate voltage creates a stronger electric field at the source—channel junc-
tion, resulting in a bigger current even when the current is limited.

Once calculated, the threshold tunnelling length is the same as the tunnelling
length as a function of the bias provided by the analytical model. The device’s thresh-
old voltage is the gate bias at which the tunnelling factor is equal to the threshold
tunnelling distance. As observed in the evolution of the threshold voltage model
through time, the constant current approach is utilised to compute the threshold volt-
age by equating the current with an arbitrarily set value in Figure 5.12. Because the
threshold voltage values generated by this method have no physical basis, they do not
provide information about the true behaviour of the TFET. Therefore, to calculate
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FIGURE 5.12 Threshold voltage model.

the threshold voltage of TFET, the transconductance change technique, which is fre-
quently utilised in MOSFETSs, was created.

The aim of TFET optimisation is to obtain the greatest possible I,y while also
achieving the lowest possible /... The objective of TFET is to outperform CMOS
transistors by having an I,y of hundreds of milliamps. To produce large tunnel cur-
rents and steep slopes, the transmission source tunnel barrier probability, you must
approach the device closely to obtain a small V,; change.

5.8.3 Noise PERFORMANCE IN TFET AND CHARACTERISTICS

Electrical noise is becoming a major dependability concern for the most gratifying
device designs at scaled generation nodes. At low-frequency V/,,, the overall perfor-
mance and sign diversity are reduced due to the circuit’s higher sensitivity. In ana-
logue signal and RF circuits, as well as semiconductor memory, the noise parent is an
important layout feature [27]. As a result, assessing the electric noise characteristics
of TFETs as part of the strength reduction process is critical.

The major source of low-frequency noise in the gate oxide is flicker noise, which
is generated by carrier trapping and detrapping in various trap states. The source—
channel tunnelling barrier (E,,,) design has a considerable influence on the flicker
noise characteristics of III-V TFETs as the BTBT identified the features of current
transfer. The normalised drain current noise levels of homojunction and heterojunc-
tion TFETs are similar as shown in Figure 5.13, demonstrating that both BTBT and
trap-assisted tunnelling (TAT) affect transfer qualities.

Heterojunction TFET reveals notably much less flicker noise than homojunction
TFET on the equal drain cutting-edge at 77 K, while most effective BTBT dominates.
The propagation of charge carriers generated by BTBT in the channel in TFETS is
significantly shorter than the channel length [28].
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FIGURE 5.13 Flicker noise power comparison of homojunction TFET and heterojunction
TFET.

The noise contribution from the tunnelling process is studied exclusively in this
thorough research of tunnel FET noise modelling. Thus, for frequency-independent
noise, the analytic noise models used are pure shot noise, and for frequency-
dependent noise, Kane’s model is used. However, for typical TFETSs, drift-diffusion
processes, in addition to tunnelling and ballistic transport [29], may play a major
role in TFET conduction. White noise compositions differ due to substantial dif-
ferences in conduction processes. The ballistic transport nature of tunnelling leads
to a shot noise, while that of drift-diffusion transport is better expressed as thermal
noise in equilibrium state.

5.8.4 SHoT Noise TUNNEL JUNCTION

Shot noise is the statistical fluctuation of current associated with ballistic transport,
such as electron emission in vacuum tubes, ballistic field-effect transistors, and tun-
nel junctions. The load that arrives at a specific terminal with a data packet of a
specific size q at random and independent arrival times will produce start-up noise.

5.8.5 THERMAL NoISE IN CHANNEL

The thermal noise formula is true when the device is in quasi-thermal equilibrium, in
other words, assuming a drift-diffusion model; in general, shot noise is reduced since
the arrival times of various payloads are no longer independent occurrences. It influ-
ences the arrival of subsequent electrons in the source channel. As the device length
drops below the carrier’s mean free path, the transmission mechanics shifts from
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drift diffusion to quasi-ballistic and eventually ballistic transmission [29]. During the
transition, the noise expression shifts from thermal noise to recording noise.

Since TFET can form tunnel junctions in the source and drain channels, it exhibits
undesirable bipolar currents. Tunnelling at the channel-drain junction in a nega-
tive gate voltage mode generates bipolar current in nTFETs. Proposed by CG-TFET:
Because the tunnel barrier height at the channel—drain junction is high, tunnelling
rates are low. The transfer characteristics for various lengths of gate—drain under-
lap. The main framework of electrical noise evaluation was initially established by
Shockley et al. and introduced as the impedance area technique, which was later
extended for many semiconductor devices. To begin, noise sources (flicker, shot, and
thermal noise) are assessed on a mesoscopic stage within the tool and are considered
to be independent [28,29]. Then, each noise supply at a specific role is modelled
as a (small signal) Langevin pressure riding a noiseless PDE primarily based com-
plete semiconductor model. The resulting fluctuations on the tool terminals are then
computed. For a Langevin pressure of current and a drain terminal reaction of open
circuit voltage, the role-based ratio between the two is referred to as “impedance
area,” which may be used to describe any localised noise supply to the drain termi-
nal reaction. This technique may be expanded to various forms of input and output,
and the gain can be converted to other units. For example, if Langevin is chosen as
the current and the drain terminal response is chosen as the short-circuit current, the
gain becomes dimensionless [30-34].

5.9 DISADVANTAGE OF SILICON-BASED TFETs

The disadvantage of Si TFETSs is that their ON current is extremely low, making them
incompatible with contemporary CMOS-based circuits. As a result, the Si body was
replaced with a compound material with a narrow band gap, as a result of which the
tunnelling distance at the source—channel junction was lowered. When evaluating
the results of Si TFETS, the use of smaller and direct-band gap III-V materials in the
fabrication of TFETSs results in higher /,,, lower /., higher f;, and f,

max:*

5.10 HI-V-TFET STRUCTURES

Indirect-band gap progress is much slower, and it requires the collision of two things
in order to proceed, an electron and photon. It is related to chemical processes. A
reaction between two molecules will occur at a considerably faster rate than a process
involving three molecules at a certain reaction stage. The same is true for recombinant
electrons and holes in order to generate photons. For a direct-band semiconductor, the
recombinant approach is far more effective than for an indirect-band semiconductor.
Gallium arsenide and other direct-strip semiconductors are employed in TFETs due
to these factors. A list of different semiconductor properties can be listed in Table 5.1.

Because of the narrower band gap and increased electron mobility, IT1I-V semicon-
ductors are preferred over silicon and germanium to increase ON current and reduce
OFF current.
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TABLE 5.1
Different Semiconductor Elements’ Material Properties [4,35]

Effective  Effective

Dielectric  Electron  Hole Electron  Band Electron
Semiconductor Constant  Mass Mass Affinity  Gap Mobility
Si 11.7 0.98m, 049m,  4.05eV  1.12eV 1,400 cm¥V-S
Ge 16.2 1.6 m, 0.33 m, 4.0eV 0.661eV 3,900 cm?/V-S
Ings; Gay 4y As 13.9 0041m, 045m,  45eV  0.72eV  12,000cm¥V-S
InAs 15.15 0.023m, 0.41m, 4.9eV 0.36eV 40,000 cm?/V-S
InSb 16.8 0.014m, 0.43m, 4.59eV 0.18eV 77,000 cm?/V-S
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FIGURE 5.14 T-Shaped TFET structure. (a) single material gate and (b) dual material gate.

5.10.1 T-SHAPED TUNNELLING FiELD-EFFECT TRANSISTOR

Figure 5.14 shows a T-shaped tunnelling field-effect transistor (TTFET). InAs is the
source material, while GaSb is the drain material. In addition to the single mate-
rial gate construction, a dual material gate structure is presented here. Because of
the enhanced tunnelling cross-sectional area and superior electrostatics, the TTFET
has a higher ON current. The TTFETs reduced ambipolar current is owing to its
gate—drain overlapping topology. According to the results, the TTFET has a better
performance parameter. Furthermore, the TTFET structure’s source and channel are
spread vertically. As a result, the device offers greater potential for aggressive scal-
ing than ordinary TFETSs for future technologies beyond CMOS.

5.10.2 VerticaL TFET

A TFET made on vertically grown InAs/GaSb (V-TFET) is shown in Figure 5.15.
A source pocket (InAs) is introduced to increase the device’s performance. In this
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FIGURE 5.15 Vertical TFET structure.

scenario, ZrO, is employed as a dielectric layer in addition to SiO, to boost scalability.
The DC and analogue/RF performances of a V-TFET with a pocket are demonstrated to
be superior than those of a V-TFET without a pocket and other reported TFET designs.
Because of its decreased propagation delay, V-TFET-WP is well suited for high-speed
digital circuits. The V-TFET with pocket based on GaSb/Si heterojunction is suitable
for low-power, low-voltage, high-speed analogue/RF/digital circuit applications.

5.10.3 Z-Suaprep TFET

Figure 5.16 depicts a Z-shaped tunnel field-effect transistor (ZS-TFET). ZS-TFET
is used to decrease ambipolar behaviour and increase RF performance in TFETs. In
comparison to traditional TFETSs, the ZS-TFET is more scalable and delivers greater
ON-state current (1), bigger ON/OFF current ratio (/,y/I ), and smaller SS. These
advantages lead to the conclusion that the tunnelling junction in the ZS-TFET is
perpendicular to the channel direction, allowing for the formation of a comparatively
large tunnelling junction area. The ZS body employs both vertical and horizontal
fields to control the lateral parasitic tunnelling current. Furthermore, the proposed
device demonstrated increased RF performance due to greater transconductance and
decreased gate—drain parasitic capacitance.

5.11 MILLER CAPACITANCE IN TFET

To simulate the tunnel current, a nonlocal tunnel model is used, depicting the actual
space charge transfer across the tunnel barrier while taking into consideration the poten-
tial profile throughout the whole tunnel route [34]. The gate-to-drain capacitance clearly
displays the total gate capacitance due to the presence of the source-side tunnel barrier
(C,p) for TFETS, when the gate-to-source capacitance (C,) stays low. C,, increases with
positive gate voltages because the channel-to-drain potential barrier decreases.
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FIGURE 5.16 Z-shaped TFET.

Figure 5.17 compares the inverters constructed using TFET and MOSFET based on
the normalised value in the input to output capacitance as the function in the input volt-
age. The gate-to-drain capacitance (C,,) of both n- and p-type transistors contributes to
the overall Miller capacitance (CM). The regions of A, B, D, and E are the place where
the transistors remain linear, which results in the same value of 0.5 C o2 in both CM and
C,,. The two transistors flowing into the saturation zone during the 0—1V input ramp
create the drop in Miller capacitance at point C. InAs TFETs have significant driving
current (/,, ) at lower supply voltages due to their reduced tunnel barrier height and
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FIGURE 5.17 Miller capacitance for TFET/MOSFET inverters as a function of inverter
input voltage [34].
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width, as well as their lower tunnelling mass, and their gate capacitance C,, is limited
by the quantum capacitance caused by their lowered density of states.

The capacitance—voltage characteristics of InAs TFETSs are depicted in Figure 5.18,
demonstrating that the overall gate capacitance is only 10% of the gate oxide capaci-
tance. Based on the transistor design, the C,, again acts as a primary contributor to
C,, [34], attributed to the fact that the capacitance value is much lower than that of
Si TFETs, V,,= 1v. Furthermore, the ON-resistance of the InAs TFET is much lower
than that of the Si TFET. Peak overshoot voltages in InAs TFET inverters are less
than 20% of the peak input voltage as shown in Figure 5.19. The peak overshoot is
reduced in both TFET inverters as the capacitive load increases as expected, and
because of its lower switching resistance and Miller capacitance, the overshoot in the
InAs-based TFET inverter is substantially lower [34].
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FIGURE 5.18 InAs TFET’s capacitance—voltage characteristics [34].
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TABLE 5.2

Inverter Delay Is Compared to Benchmark Methodologies [34]

Delay [ps] Cox Vpp/2lon Cye Voo/2lon Qon-Qorlon Inverter Fall Delay
Si MOSFET 1 0.8 0.63 115

Si TFET 18.5 15 8 48

InAs TFET 35 0.38 0.3 11

5.12 CV CHARACTERISTICS AND MATERIAL PROPERTIES

The generally used measurements for today’s scaled CMOS technology with scaled
threshold voltages differ from those of actual MOSFET inverter fall latency by an
unreasonable amount. Because the real switching current of a MOSFET inverter might
be substantially lower than the saturation current of a single transistor, an effective driv-
ing current (/) should be utilised to anticipate the actual delay instead of 1, [36].
Analytical approaches for calculating the average or effective driving current (/) while
taking the real inverter switching current trajectory into account were also presented.

Table 5.2 shows that the benchmarking measures now in use stray greatly from the
performance of the TFET inverter, highlighting that a proper quantification of the actual
output capacity and the actual switching current is necessary to anticipate the perfor-
mance of the TFET. TFET has been employed in two distinct material systems, Si and
InAs, and only Si MOSFET findings are presented for comparison. Silicon and InAs
were chosen because they have a high density of states (DOS) and a low DOS [34].

The excessive gate-to-drain capacitance inherent within the functioning of a TFET
tool has huge implications for its brief responsiveness. The reaction of Si TFET and
MOSFET inverters is short with a 1V entry step voltage and a 5 ps upward push
time. Si TFETs have an output voltage overshoot of around 90% because of the large
Miller feedthrough capacitance resulting from its crucial tool feature combined with
its low pressure as compared to MOSFETs.

5.13 VARIATION IMPACT ON TFET MODELLING
AND LOW-VOLTAGE EFFECT

On the steep intuitive slope and high-slope potential in low-voltage power supplies,
tunnel FETs have emerged as options for low-power and high-frequency embed-
ded electronic components. With near/subthreshold CMOS, scalable transistors and
energy-saving applications are possible. Because of the exponential relationship of
1,y with the width of the tunnel barrier, the source of fluctuation that might cause
the tunnel barrier’s width to alter will cause significant /)y fluctuations in the TFET.
We simulate the change of TFET and its effect on the signal-to-noise ratio (SNR) of
TFET SRAM for low-voltage applications [31]. Because of their low-slope (SS) and
high-density low-power slopes, tunnel FETs have become a viable alternative for low-
power, high-frequency inputs. The source of variation that might vary the width of the
tunnel barrier will generate large I,y fluctuations in the TFET due to the exponential
dependency of ions on the width of the tunnel barrier. We simulate the effect of TFET
modification on the SNR of a TFET-SNR SRAM for applications with lower voltage.
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The thin channel mitigates the effect of the short channel by shielding the
source junction from leakage voltage; nevertheless, the thin channel decreases the
accessible area for tunnelling current, lowering the maximum possible current.
It is made up of a stack of two transition metal dichalcogenide (TMD) elements.
When the two layers are appropriately biased, the van der Waals gap between them
functions as a tunnelling gap. Several researchers have investigated such structures
as tunnelling diodes and discovered that they exhibit BTBT properties. A source
area with electrically regulated carrier density might eliminate dopant-induced
band tails, improving the steep slope. Furthermore, improved electrostatics may
be achieved in lateral tunnel construction resulting in excessive gate efficiency to
all monitored locations, as opposed to vertical tunnelling with lesser gate control
in the channel’s centre.

5.14 APPLICATION OF TFET DEVICES

In TFET, 1,/ ,pF ratio is further improved when the ON current is doubled, while
the OFF current remains of the order of picoampere even if it is increased by the
same factor [21,31-34,36]. The TFET is part of the family of steep slope devices,
which operate at intermediate frequencies and are currently being investigated for
the below-mentioned ultralow power applications:

e RF Switches.

e Digital ICs: Adder, Multiplier, Flip-Flop, Inverter, etc.
e SRAM.

* Biosensors.

e Energy-Harvesting Circuits (DC-DC Converters).

e Analogue/Mixed-Signal System-on-Chip Applications.

5.15 OPTIMISATION AND FUTURE DESIGN OF TFETs

The aims of TFET enhancement are to obtain the greatest 1, the lowest SS through-
out multiple times higher drain current, and the lowest /. all at the same time. The
objective characteristics for TFETSs to surpass CMOS transistors are /, in the hun-
dreds of milliampere range and SS significantly below 60 mV/decade for five decades
of current [21,37,38]. TFETs are designed to operate at low voltages. To obtain a large
tunnelling current and a steep slope for a small change in V;, the transmission prob-
ability of the source tunnelling barrier should approach unity.

According to researchers, the power consumption of this new form of transistor is
90% less than that of regular transistors, allowing it to operate well beyond the theo-
retical limit of electronic devices. These results, according to the researchers, might
one day lead to circuits that are ultradense and low-power, as well as biosensors and
gas sensors that are extremely sensitive. The continual downsizing of field-effect tran-
sistors, the building blocks of most microchips, has driven the growth of computer
power during the last half-century. Transistors function similarly to switches in that
they may be switched on and off to represent data as 0 and 1. At room temperature,
the switching properties of FETs are currently limited to a theoretical limit of 60 mv/
decade [32]. This constraint is known as subthreshold oscillation, and it implies that
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every 60mV rise in voltage causes a 10-fold increase in current. Reducing oscilla-
tions improves channel control, using less power for adjustments.

Scientists attempted to circumvent this restriction by employing TFETs. The elec-
trons are being used in the devices to the cross barriers, a process known as quantum
tunnelling. Traditional field-effect transistors turn off at considerably lower voltages.
Fin-FET technology took approximately 20 years to become a reality in semiconduc-
tor goods, replacing planar components. Fin-FETs [32], on the other hand, employ
planar nodes, such as high metal gates, boost/epiphyseal sources, deformed silicon,
and the newest gate technology, due to technical development that does not allow for
significant modifications. Although it is commonly acknowledged that Si or SiGe
Fin-FETs may be replaced by TFETs, it remains unclear if reducing nodes below
7nm would result in significant technological advances. We must implement the
TFET idea in Fin-based technology to enable a seamless transition from Fin-FET to
Fin-based vertical tunnel FET while using Fin-FET architecture.

The TFET has decreased I, in the present day compared to conventional
MOSFET, and all TFETs have comparable relatively low [y, but increasing the I,y is
massive mission in the future [21,33,34,36-38]. For the TFET, lower SS and increas-
ing I,y may be an aggressive alternative for the traditional MOSFET to meet the
requirements of /,, in accordance with ITRS low band hole material for providing
excessive doping awareness necessary. Similarly, a heteroshape may be utilised to
get a steep subthreshold drop and with high /,,. Using a thick buried oxide layer can
reduce the ambipolar behaviour of TFETs.

5.16 CONCLUSIONS

Tunnel FETs are a new type of transistor technology whose investigation is ongo-
ing. Numerous TFET designs are being suggested, tested, and improved over time.
Existing TFET models have limitations, and modelling of TFETSs frequently neces-
sitates a trade-off between time and accuracy. Because of the core operating con-
cept based on BTBT, TFET can reach SS greater than the 60 mV/decade at an
ambient temperature, making it a feasible choice for overcoming the growing per-
formance difficulties in scalable MOSFET technology. The lower average SS, low
I,pp, or high I, are the major problems, which is true for both nTFET and pTFET.
To solve these difficulties, reliable predictive models are required, and quantum
mechanics simulations are increasingly being utilised to augment the semiclassical
models usually used for MOSFETs. These prototypes can assist you in selecting
the appropriate material system for your needs, including Group IV, III-V, and
2D materials that can give intriguing silicon alternatives. Vertical TFETS’ scat-
tered physics produces a high capacitance value in saturation, a lengthy channel
length, and a partially diminished drain barrier in saturation. In contrast to the
lateral TFET design example, shorter gate length enhances RF performance by
significantly reducing capacitance while maintaining transconductance. Even
when extrinsic components are present, reducing the gate length can significantly
increase the cut-off frequency, it is advantageous for low-power, high-frequency
applications, and other speed gains can be obtained using dopant pockets or opti-
mising the gate stack design. Finally, several device-level features of TFET opera-
tion have implications for its application in circuits, emphasising the necessity for
TFET device and circuit co-optimisation.
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6.1 INTRODUCTION

Device scaling is the most challenging task in the expanding microelectronics indus-
try. Solid-state devices can be scaled to reduce cost, power consumption, and speed.
Drain-induced barrier lowering (DIBL), channel length modulation (CLM), hot car-
rier effects (HCEs), reduced subthreshold slope (SS), high OFF state leakage current,
and low transconductance efficiency are all realistic restrictions to device scaling.
Circuit designers are seeking alternatives to standard MOSFETs in order to over-
come these concerns. Tunnel field-effect transistor (TFET) is being examined as a
possible candidate for improving a device’s subthreshold properties. SS less than 60
mV/decade can be achieved via band-to-band tunneling (BTBT). With work function
designed and heterogate-dielectric-based low-power junctionless TFETs (JLTFTs),
the subthreshold performance of these nanodevices has risen tremendously. The main
focus of this chapter is on studying the short-channel behavior of tunneling devices
using significant parameters such as surface potential, electric field, threshold voltage,
drain current, transconductance-to-drain-current ratio, and subthreshold current.

6.2 MOS TRANSISTOR: EVOLUTION

Julius Edgar Lilienfeld and Oskar Heil patented the first FET in 1926 after which
the practical semiconducting transistor called JFET was developed by William
Shockley at Bell Labs in 1947. As an expansion to the original FET design, at Bell
Laboratories, Dawon Kahng and Martin (John) developed the metal oxide semicon-
ductor field-effect transistor (MOSFET) in 1959. MOSFET differs from the bipolar
junction transistor (BJT) by its design, construction, and working.

The MOSFET is a semiconductor device widely used for switching and amplifica-
tion of signals in electronic devices. The core of all integrated circuits is MOSFET
because of its design and ease of fabrication. The MOSFET is basically categorized
into two types, namely, N-channel MOSFET and P- channel MOSFET. Figure 6.1
shows an N-channel and P-channel MOSFET and two different types of MOSFETs
called as enhancement (E)- and depletion (D)-type MOSFET.

MOSFET is a voltage-controlled device and uses an insulating layer between the gate
metal region and the semiconductor substrate. The silicon wafer is oxidized to obtain
the dielectric/insulating material for the transistor as silicon dioxide (Si0,). Oxidizing
Si0O, from the silicon wafer is much easier as the best choice for manufacturing the semi-
conductor device is silicon. In recent years, some integrated circuit (IC) manufacturers
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FIGURE 6.1 (a) N-type and (b) P-type enhancement MOSFET and (c) N-type and (d) P-type
depletion MOSFET.

such as IBM and Intel have initiated the use of compound materials [1,2]. Most of the
compound semiconductors are combinations of Group III and Group V elements such as
GaAs, InP, GaN, and ZnS. It is also possible to combine different elements of the same
group (Group IV) to make compound material such as SiC and SiGe. Though the cost
of manufacturing compound semiconductors is still higher than the cost of silicon (Si),
the spectral properties of these crystals plays a vital role in certain optoelectronic and
microwave applications.

Advanced MOS structure popularly denoted as CMOS (complementary metal
oxide semiconductor) is a notable invention in the semiconductor industry. In 1963,
Frank Wanlass invented CMOS for constructing the integrated circuits. The most
significant essence of CMOSs devices is that they are largely immune to noise and
have limited static power consumption, which facilitates their usage in fabricating
controllers, memories, and other digital circuits. MOSFETs can also be used in radio
systems to transform frequencies as oscillators or mixers [3]. Recent audio-frequency
power amplifiers deploy MOSFET semiconductors. For smaller sizes of less than
45nm node technology, IBM and Intel have announced to exploit the benefits of
using high-K gate dielectric materials. To overcome the limitations posed by conven-
tional transistor scaling, silicon dioxide has been replaced by high-K gate dielectric
material and gate stack architectures.

6.3 NANOELECTRONICS ERA

The rise of various electronic gadgets and devices is remarkable for the economic
and technical advancement of the nanoelectronics age in the twentieth century. The
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advancement in the semiconductor industry has significantly contributed to the global
economy growth. The most important salvation of this progress is due to the inven-
tion of different types of transistors and new materials. The fabrication of ICs has
paved a new way for researchers to begin with the revolution in nanoelectronics.
Another phenomenal idea is device scaling/miniaturization, which aids in increasing
the speed and component density [4,5]. The performance of these nanodevices has
exponentially increased, which was successfully anticipated by Gordon Earle Moore
(1965). However, with continuous device downscaling, conventional transistors have
contributed greatly toward adverse effects in the device. As the device dimensions
are becoming smaller, the channel length reduces and the device becomes heedless
to SCEs, quantum tunneling effects, and subthreshold leakage issues. In nanoelec-
tronics, this quantum tunneling turns out to be a major source of current leakage
resulting in substantial power drain and heating effects that affect high-speed sys-
tems and devices. Though certain techniques have been developed to reduce these
adverse effects, it is extremely hard to nullify the effects. As a response, researchers
have looked into alternative materials for electronic device applications, as well as
new ways for fabricating electronic devices.

6.4 DEVICE SCALING

Since the inception of Moore’s law, device scaling has been continuing over the
past few decades. Aggressive scaling of MOSFET has led to enormous growth of
the IC industry incorporating channel lengths to tens of nanometers. This ongo-
ing reduction was possible after Dennard’s work on scaling [6]. In late 2009,
Intel began its production with feature size of be 32nm. In April 2019, Samsung
announced a 5 nm process to their potential customers. Transistor size smaller than
7nm will experience quantum tunneling effect through the gate dielectric layer.
But a research team from Berkeley National Laboratory has created a transistor
with a working 1 nm gate length. They strongly believe that with proper choice
of materials, there is huge room to shrink our electronics. The key element that
changed the perception of many scientists is the replacement of silicon material
with molybdenum disulfide (MoS,). This material has immense potential for appli-
cation in LASERs, LEDs, nanoscale transistors, solar cells, and more. The devel-
opment of MoS, has kept Moore’s law still alive and enhanced the performance of
nanoelectronics devices.

In general, as we move beyond 14nm, new Fin materials will be required like
SiGe, SiC, GaAs, InP, and more. The other approach to overcome the pitfalls of scal-
ing is by using multigate architectures. Gate-all-around (GAA) FET is expected to
replace all FinFET structures in the near future as it is believed to be the most effec-
tive structure in mitigating the quantum tunneling effects. GAA FET was targeted
for 3nm technology node in 2020 as it provides 40% performance boost for the same
amount of power. Monolithic 3D transistors are also on the verge of overruling the
semiconductor industry with 50% reduction in area. It is a 3D sequential integration
of a layer of transistors placed over the substrate. The core essence of Moore’s law
continues by proper engineering of the device architecture and semiconductor mate-
rials to meet the demands of modern computing.
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FIGURE 6.2 Variation of threshold voltage as a function of drain-to-source voltage (V).

6.5 IMPACT OF SCALING ON DEVICE PERFORMANCE

Due to rigorous device downscaling, conventional transistors have contributed greatly
toward degradation of device performance. The device performance is assessed by
the minimization of SCEs. Short-channel risks come into play as the length of the
channel becomes approximately equal to the sum of source and drain depletion layer
widths [7,8]. These effects are associated with CMOS device scaling. It is well known
that the primary motivation for device engineers to reduce the size of transistors, that
is, their lengths, is to increase speed and reduce cost per IC [9].

Smaller gate lengths allow for higher drive current and speedier circuits.
Additionally, when circuits become smaller, their capacitance decreases, boosting
the working speed of the device. However, as device dimensions are miniaturized,
many SCEs arise to degrade the device performance. These SCEs impose two fun-
damental limitations: one on the electron drift attributes in the channel and the other
on the threshold voltage modification as shown in Figure 6.2.

6.6 SILICON-ON-INSULATOR (SOI) FET TECHNOLOGY

The adverse impacts of DIBL, CLM, punch-through effect, hot electron effect,
threshold voltage roll-off, and subthreshold leakage have emerged to be strong barri-
ers for fabricating under bulk substrates [10]. Also, when the gate length is reduced,
the gate-oxide thickness is also reduced producing a significant quantum mechani-
cal tunneling at high electric fields. Shortening the channel length has the biggest
drawback from the drain bias, which can be reduced by enhancing the gate control
over the channel with multiple gate and gate metal work function engineering tech-
niques. Replacing silicon dioxide with high-K gate dielectric materials and using
heterodielectric stack architecture can probably reduce the gate-oxide scaling issues.
Therefore, we cannot compromise on having shorter channel lengths, as it reduces
the cost per IC and produces faster switching transistors. Owing to all these facts, a
long search for altering the bulk silicon technology has ended with the initiative of
silicon-on-insulator (SOI) technology. SOI FET can be considered to be the best tech-
nology in providing high speed, low power, low SS, and low parasitic capacitance.
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6.7 NOVEL LOW-POWER BTBT FET

Future generations of ICs demand low-power and energy-efficient transistors with
less SS [11]. Semiconductor engineers have tried to squeeze a large number of transis-
tors onto a single integrated chip. To accommodate such a huge number of transistors
on smaller-size chips, the distance separating the source—drain and oxide thicknesses
have been reduced. As a result, the electronic barrier that blocked the flow of current
is now able to allow large current due to its thinner oxide thickness. This ability of an
electron to penetrate the barrier is known as quantum tunneling. BTBT is the basic
underlying principle of TFETs,which is observed to have SS less than 60 mV/decade
and probably less subthreshold leakage current [12]. In MOSFET, the current flow is
due to the diffusion phenomenon and thermal injection of carriers.

Figure 6.3 shows a simple TFET structure with its BTBT. An electron in the valence
band tunneling across the band gap and entering the conduction band is BTBT. The
band gap acts as a potential barrier for the electrons to tunnel across. This potential
barrier between source and channel remains wider during the OFF state of the device.
At this state, there is a very small amount of leakage current. During the ON state, once
the gate bias is applied, the potential barrier becomes narrow, allowing for significant
tunneling current to pass [13—15]. The tunneling of electrons can cause the transistor to
move to ON and OFF states even at lower voltages compared to MOSFET’s operational
voltage. Thus, TFET has the capability to lessen the power consumption of the device.

6.8 MULTIGATE JLTFET

To overcome the SCEs encountered by the CMOS devices, many structural varia-
tions have been suggested. As discussed earlier, among the future device alternatives
such as SOI FET, multigate architecture, and TFET has been the long-time awaited
combination in combating SCEs and leakage issues. Now, another alternative best
possible solution to transcend the shortcomings of TFET is using a novel device
structure called junctionless transistor (JLT). JFET has evolved to be the most prom-
ising candidate in providing cheaper and denser microchips. The notable feature of
JLT is that it has monolithic doping among the semiconductor channel, source, and
drain regions [16]. The schematic of N-type JLT in OFF and ON states is shown in
Figure 6.4. The gate electrode controls the mobility of electrons and thus the current

Gate

Band - to - Band
Tunneling

Source Drain

(a) (b)

FIGURE 6.3 (a) Simple structure of n-TFET and (b) BTBT.
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FIGURE 6.4 Schematic view of N-type JLT in the (a) OFF state and (b) ON state.

flow. An appropriate choice of gate metal work function depletes the area under the
gate terminal leading to a “normally OFF” state device.

With the invention of JLTs, Bahniman Ghosh and Mohammad Waseem Akram
(2013) investigated the switching characteristics of n-type heavily doped JLTFET
[17-19]. This JLTFET deploys a high-K gate dielectric material (titanium oxide, TiO,)
to improve the transistor performance. Bal et al. (2014) incorporated gate work func-
tion engineering in JLTFET to further enhance the device characteristics in weak
inversion regions. Baruah and Paily (2014) used a high-K spacer in dual material gate
JLT to study its analog performance [20-22]. Recently, Shradya Singh et al. (2018)
formulated an analytical model for JLT with a split gate for biosensor applications.

6.8.1 DuaL MATERIAL DOUBLE-GATE JUNCTIONLESS
TunNEL FET (DMDG JLTFET)

With all key innovations emerging in JLTFETs, the development of the DMDG
JLTFET is very similar to that of the n-type DMDG TFET, except for the uniformly
doped regions. Figure 6.5 illustrates a cross-sectional view of the proposed DMDG
JLTFET. The device dimensions and materials used are indexed in Table 6.1.

The band energy distribution of DMDG JLTFET in the cut-OFF and ON states is
shown in Figure 6.6. The DMDG JLTFET remains in its OFF state without any bias,
and the tunnel barrier width between source and channel is substantial. The control
gate bias can be increased to alter the barrier width of the tunneling region. This
barrier is reduced when bias (V,,=1V) is given to the control gate, and the device
is turned ON. The spacer thickness is set accordingly low to reduce the ambipolar
behavior of TFETs. When homogeneous doping, high-K insulation, and gate metal
engineering are combined, this device can be an appropriate choice for limited-
power analog CMOS devices and rapid switching circuits.

6.8.2 Dieectric-MobputateD DMDG JLTFET

Figure 6.7 represents a cross-sectional perspective of a DMDG JLTFET along
with heterodielectric/stacked gate-oxide material. The overall gate-oxide thickness
is expressed as f,, =;(Si0;) + tyn-x (TiO,) = 2 nm because the dielectric layer
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FIGURE 6.5 Cross-sectional view of DMDG JLTFET.
TABLE 6.1
Device Parameters of DMDG JLTFET
Parameters Symbol Values
Doping concentration N, 1x10"cm
Gate length Lg 20nm
Spacer thickness Lypcer 2nm
Free space permittivity & 8.854x102F /m
Permittivity of Silicon £ 11.9¢
Permittivity of high-K dielectric (TiO,) Epx 80¢y
Thickness of silicon substrate tyi Snm
Front — gate dielectric thickness ty 2nm
Back — gate dielectric thickness t 2nm
Control Gate Metal — 1 — Work Function (Cu) oMI 4.7eV
Control Gate Metal — 2 — Work Function (Al) oM 4.1eV
P — Gate Metal — Work Function (Pt) 5.93eV

PP

[23-28] includes a low-K (K=3.9, Si0O,) dielectric material combined with the cur-

rent high-K (K=80, TiO,) dielectric.

6.9 PERFORMANCE INVESTIGATION OF DMDG JLTFET

The device simulation incorporates mobility, bandgap narrowing, recombination,
nonlocal BTBT, and Kane’s tunneling models to illustrate the carrier transport mech-
anism in DMDG JLTFET [29]. Table 6.1 lists the device parameters that have been

used for the proposed device.
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FIGURE 6.6 Energy band diagram of DMDG JLTFET in the (a) OFF state and (b) ON state.
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FIGURE 6.7 Cross-sectional view of DMDG JLTFET with stacked gate-oxide material.

6.9.1 VEerTticAL ELecTrIC FiELD PROFILE

The vertical electric field patterns of DMDG JLTFET and DMDG TFET are com-
pared in Figure 6.8. The vertical field component in both models is minimal for
thinner oxide thickness. Electrons can seamlessly tunnel through the gate-oxide
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FIGURE 6.8 Vertical electric field variation of DMDG JLTFET and DMDG TFET for dif-
ferent values of oxide thickness: 7,,.=1nm and #,,=2nm.

layer when we design the silicon dioxide layer with minimal possible thickness. This
undesired tunneling behavior will create a displacement in the threshold voltage,
eventually resulting in device structural instability. The peak electric field on the
drain side is drastically reduced, resulting in a contraction in the occurrence of hot
electron effects.

6.9.2 ErrecTt OF CHANNEL DOPING CONCENTRATION ON THRESHOLD VOLTAGE

Figure 6.9 shows the change in DMDG JLTFET and DMDG TFET threshold voltage
as a measure of dielectric thickness for multiple channel doping values. The DMDG
JLTFET is observed with a threshold voltage of 0.33V, whereas DMDG TFET’s
voltage threshold is 0.43V. For DMDG JLTFET, the drop in threshold voltage is
attributable to the consistent doping through the use of stronger gate dielectric mate-
rial. Besides, a hard oxide layer demonstrates a decrease in threshold voltage for a
given doping, indicating fewer short-channel effects.

6.9.3 DRAIN CURRENT PROFILE

Designing nanoelectronics devices with minimal power consumption requires a good
understanding of drain current and its effects. TFET’s core idea of BTBT allows for
a high ON state current. The evenly doped channel improves the BTBT mechanism
thereby increasing the carrier tunneling generation rate.
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FIGURE 6.9 Threshold voltage of DMDG JLTFET and DMDG TFET as a function of dif-
ferent channel doping concentrations.

The drain current is estimated using the carrier generation rate from BTBT over
the space of the proposed DMDG JLTFET structure.

Ids = CIJ-TGRBTB dv (6.])

The formulation for tunneling generation rate 7GRz, using Kane’s model is stated
below:

TGRys = A £ exp[ B E” } 6.2)
BTB — {Xkane ~ T Drane —| .
VE; E|

where ¢ is the electronic charge, E is the average electric field, E, is the band energy
gap, and A,,,, (4x10" V**s7'em™?) and B,,,, (1.9x10” V/cm) are the distinct
tunneling process parameters [13].

Figure 6.10 shows the drain current outputs of DMDG JLTFET and DMDG
TFET for varied oxide thickness values. In addition, DMDG JLTFETs with strong
gate dielectric and high work function toward the tunneling gate have predomi-
nant electric field lines along the source—channel interface, which reinforces gate
control over the channel. Tunneling barrier toward the source is limited as the gate
bias is increased. This induces electrons to tunnel into the drain’s conduction band,
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FIGURE 6.10 Drain current profile of DMDG JLTFET and DMDG TFET for different
values of oxide thickness.

increasing the drain current exponentially. The proposed device’s threshold voltage
persists at 0.33 V with gate bias of 1V, as illustrated in Figure 6.9, and the ON state
drain current attributes commence thereafter. Relative to SiO,- deployed DMDG
TFET devices, embodiment of immense and strong gate dielectric material mini-
mizes the threshold voltage for DMDG JLTFET devices, which also boosts the drain
current [30].

6.10 SUBTHRESHOLD ANALYSIS OF DIELECTRIC-
MODULATED DMDG JLTFET

The consistent doping in JLTs increases the density of carriers in the channel, result-
ing in a higher drain-to-source current. The drain current of junctionless tunneling
transistors can be enhanced further with minimal equivalent oxide thickness (EOT)
in layered gate-oxide architecture [31-34]. Figure 6.7 shows a dielectric- modulated
dual material JLTFET that involves the integration of JLTs and TFETs through the
use of heterogate dielectric materials.

6.10.1 PoTENTIAL DISTRIBUTION

Figure 6.11 contrasts the potential patterns of distinct TFET models: DMDG TFET,
DMDG JLTFET, and DMDG stack JLTFET. The surface potential of the dielectric-
modulated/gate-tack-based DMDG JLTFET is obviously superior to the outcomes of
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FIGURE 6.11 Surface potential distribution of different TFET device models for different

values of oxide thickness.
the other TFET models. The proposed device’s surface potential is presented for var-

ied oxide thicknesses (f,,=2nm and #,, =4 nm). The potential at the surface is more
noticeable with a limited oxide thickness value, as shown in this plot.

6.10.2 TRANSCONDUCTANCE-TO-DRAIN-CURRENT RATIO

Transconductance-to-drain-current ratio (g,/I,) is another important metric in
assessing the strength of DMDG JLTFETSs with heterogate-oxide material. The tran-
sition of drain-to-source current (/,,) with applied gate-to-source bias (V,,) is quanti-
fied by transconductance, as shown below:

o ++f2cosh (aL)—2 oL [Vas
24V,

8s

& _ 4

= 6.3
Ids KBT Sinh ((ZLI) ( )

where Kj is Boltzmann constant=1.38 x 10-23/JK,

T is temperature in K=300 K,

Q is the charge of electron=1.602x 10-°C,

L, is the channel length of the gate metal region M,
V,, 1s the drain-to-source bias,

V,, is the gate-to-source bias,
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and

o — constant= 4C—"§ 6.4

RIASY)
where Cy; is the channel capacitance, C,, is the gate dielectric capacitance, &,, is the
permittivity of silicon dioxide (3.9 €,), Epgn-x 1s the permittivity of titanium oxide
(80 & ), and ¢, represents the effective gate-oxide thickness with 7, and f,,;,,_¢
indicating the thickness of silicon dioxide and high-K gate dielectric (titanium oxide)
material, respectively.

C, =" 6.5)
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Figure 6.12 demonstrates the variation of the dielectric-modulated DMDG JLTFET’s

transconductance-to-drain-current ratio against the results of the other two TFET

models. DMDG stack JLTFET outperforms DMDG JLTFET and DMDG TFET

by 15.33% and 57.33%, respectively. This enhancement reflects the device’s rela-

tively high carrier generation efficiency and the proportion of gate voltage that can
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FIGURE 6.12 Transconductance-to-drain-current ratio of DMDG stack JLTFET, DMDG
JLTFET, and DMDG TFET.
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be turned into optimal ON current. To avoid OFF current leakage, the layered gate-
oxide material works as a superior insulating layer.

6.10.3 SuUBTHRESHOLD CURRENT PROFILE

The device’s subthreshold conduction creates a dangerous scenario for SCEs to arise.
Since the applied gate bias is much lesser than the device’s threshold voltage, a situa-
tion like this emerges. During the OFF state, a confined amount of current runs across
the source and drain terminals, allowing for the device to consume more power.
Subthreshold current, represented by I, is the current triggered by this conduction.

KT (1-e " | KT )
I ds — L Lo
e (61,min/K5T) e 4(¢2.min/KBT) N

6.7)

ch

where n; is the intrinsic carrier concentration of silicon=1.5x 10'%cm?3,
U is the electron mobility = 3,900 cm?/(V-s), and
@min 1S the minimum surface potential.

In examining the device’s subthreshold properties, subthreshold current plays a sig-
nificant role. Figure 6.13 shows even more clearly how the layered gate-oxide mate-
rial suppresses the OFF state current (subthreshold current). It exhibits subthreshold
current versus gate-to-source voltage for varied drain-to-source voltage values (V).

i Vds= 1V ‘
‘ —Vds=0.5V \

Subthreshold Current (A / pm)
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FIGURE 6.13  Subthreshold current of DMDG stack JLTFET, DMDG JLTFET, and DMDG
TFET for various values of drain-to-source voltages.
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DIBL is widely attributed to V,,,. When the gate loses control of the channel and the
drain takes over, this effect typically occurs and degrades the device performance,
lowering the threshold voltage. The superimposed gate dielectric material and gate
metal engineering in DMDG stack JLTFETSs restrict the drain from overpowering
the channel. When examining the subthreshold leakage current of the DMDG stack-
based JLTFET to the subthreshold current of the other two TFET models, it is noted
that the DMDG stack JLTFET has a minimal subthreshold current of 10-15 (A/um).

6.11 PERFORMANCE ANALYSIS OF LOW-POWER JLTFETs

With its major technological revolution in new materials and device structures, mod-
ern integrated circuit technology and the nanoscale industry have genuinely trans-
formed human life. CMOS circuits were the most popular technological choice in the
early 1980s, owing to their low static power consumption. MOSFETs have been used
in the microelectronics industry for decades. MOS transistors, however, have begun
to contribute second-order effects known as SCEs as a result of significant changes
in scaling. TFETSs have also emerged as a promising device to suppress SCEs, espe-
cially when gate lengths are below 100 nm, thanks to the invention of several unique
transistors and constant scaling. The only shortcoming of the TFET is its ambipolar
behavior, which results in a low ON state device current. Next-generation transistors
with identically doped source, drain, and channel areas, known as JLTs/dopingless
FETs [32], have evolved to combat this.

The most distinctive combination of incorporating the tunneling in JLTs was
offered in the literature to resist second-order effects owing to device scaling.
Furthermore, multigate TFETs were introduced to improve the potential of the gate
metal to regulate the channel. Despite all of these advantages, we still used a sub-
stantial dielectric-modulated gate metal engineering approach to produce a greater
resistance to SCEs. For various device parameters, Table 6.2 presents the results of
DMDG TFET, DMDG JLTFET, and DMDG stack JLTFET. When each parameter
is compared for all DMDG-based TFET models, it is clear that our proposed DMDG
stack/dielectric-modulated DMDG JLTFET produces significantly better results.

In evenly doped TFETs, useful options of gate-oxide materials appear to be the
optimal combination for significantly reducing short-channel issues such as HCE
and DIBL. In a nutshell, DMDG JLTFET along with layered gate-oxide layer is

TABLE 6.2
Hlustration Electrical Parameters for DMDG TFET, DMDG JLTFET, and
DMDG Stack JLTFET

DMDG

DMDG Stack

Electrical Parameters TFET DMDG JLTFET JLTFET
Potential at the surface region (V) 1.32 2.04 2.992
Transconductance-to-drain-current ratio (V1) 33.43 65.12 75.52

Subthreshold current (A/um) 7.58x 1078 8.6x 1013 9.8x 101
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envisioned to strengthen switching characteristics and is found to be the best device
for minimal power-consuming nanoscale applications.

6.12 SUMMARY

The JLTFET has demonstrated to be an effective device in dealing with the short-
channel issues. Traditional FETs must be updated by adopting modern gate and chan-
nel engineering approaches in order to ensue Moore’s law and avoid SCEs. Drain
structure of the dual work function engineering is lightly doped, which weakens the
peak electric field at the drain end. Then, consistent doping in channel aids in ensur-
ing desired tunneling generation rate and higher carrier velocity. Employing a high-K
gate dielectric material in the gate-oxide region is the most essential consideration in
the design of emerging low-power JLTFETs. To increase the electrostatic regulation
between gate and channel regions, silicon dioxide has been substituted with titanium
oxide. The outcomes of the DMDG JLTFET showed a significant reduction in the
device’s electric field and threshold voltage. Also, an enhanced subthreshold device
performance with stacked/layered gate-oxide/heterodielectric material is observed.
The superior performance of the novel dielectric-modulated dual material double
gate is validated in terms of increased transconductance/carrier generation efficiency
and low subthreshold leakage current.
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7.1 INTRODUCTION

Low forward voltage and rapid switching speed are the major advantages of SBD.
SBD, which is a majority carrier device, finds application in computers, power factor
correction systems, high-speed microelectronic applications, optoelectronic devices,
and transistors [1-4]. SBDs were also used in solar cells, industrial electronics, and
radiofrequency detectors [5—7]. When a metal-semiconductor junction is created, a
potential energy barrier is formed resulting in the formation of a SBD [8-13]. The
major parameters used in the analysis of SBDs were R, (series resistance), ¢ (barrier
height), n (ideality factor), and G, (shunt resistance) [14-24]. SBD current flow is
expressed in equation (7.1) [15].

I=1,+1, (7.1)

where I, is the diode current at bias voltage V and [, is the shunt current flowing
through R, (shunt resistance)
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Diode current is given in equation (7.2) [15].

I, =1, {exp[ﬂ(V—RJ}—l} (7.2)
n

where [, the saturation current and /3 is the inverse thermal voltage.
Shunt current is expressed in equation (7.3) [15].

1,=G,(V-RJI) (7.3)
Saturation current (/) is expressed in equation (7.4) [15].
I, = AA”T? exp(—ﬁq)) (7.4)
where A is the diode area,

A™ is the modified Richardson constant, and
T is the temperature (Kelvin)

Also, f is expressed in equation (7.5) [15].
p=-L (7.5)

where ¢ is the electronic charge, k is the Boltzmann constant, and 7 is the temperature.

The basic parameter information of microelectronic devices was obtained from
its voltage—current plot. SBD conduction analysis is helpful in obtaining parameters
involving ¢, n, and R,. The ideality factor and barrier height of SBD can be calcu-
lated from the voltage—current plot’s slope and intercept [25]. SBD has a cathode pin,
anode pin, and substrate pin connected to VSS ground. SBD’s conventional dc model
used for its modeling is shown in Figure 7.1 [26].

In this article, we have studied recent developments in emerging SBDs such
as GaN SBD, 4H-SiC SBD, ZnO SBD, organic SBD, and diamond SBD and their
applications.

Anode D1 R1 Cathode
O Il — o)
A D2
R2
O O
VSS VSS

FIGURE 7.1 SBD conventional DC model [26].
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7.2 GAN-BASED SBD

High saturation velocity, direct band gap, and high temperature durability are the
advantages of GaN materials, which make them suitable for optoelectrical devices;
high-speed electron devices; and in high-power, high-voltage applications [27-34].
The temperature dependence of SBD parameters, namely, barrier height and ideal-
ity factor, of a gold/n-type GaN SBD has been investigated [35]. The comparison
of voltage—current density and voltage—capacitance measurements was done for the
165-480K temperature range. Metal-organic vapor phase epitaxy method is used to
fabricate GaN on a sapphire C-plane substrate. It was observed that with an increase
in temperature, there was a decrease in ideality factor (Figure 7.2a) and an increase
in barrier height (Figure 7.2b). Similarly, barrier height and built-in voltage measured
from voltage—capacitance measurement show a gradual increase with increase in
temperature up to 400 K. At 400K, a sudden increase in both barrier height and built-
in voltage has been reported (Figure 7.3).

GaN SBD is used as an effective hydrogen sensor [36]. Zhong et al. [37] reported
the fabrication of a nano-SBD H, sensor that was able to detect H, gas in the range
of 320-10,000 ppm at room temperature. The H, sensing ability of Pt-SBD fabri-
cated on m-GaN has been investigated [38]. For various H, concentration exposures,
Pt-SBD on m-GaN crystal reported reversible and rapid response. A maximum of
2% 10*% sensitivity was measured using a m-GaN SBD sensor at 0.1 V forward bias
and 4% H, exposure (Figure 7.4). An increase in forward current was observed upon
exposure to H, in the sweeping bias range. Also, reduction in forward turn-on voltage
to 0.3 from 0.6 V was reported. Upon exposure to 4% H, in N,, there was a decrease
in SBD barrier height. Once H, gas is switched off, within a time period of 5min,
recovery in barrier height has been observed (Figure 7.5).

Humidity effect in GaN/AlGaN-based SBD hydrogen sensors can be elimi-
nated by the PMGI (polydimethylglutarimide) water-blocking encapsulation layer
[39]. Upon H, exposure of 500 ppm at 25°C, high responsivity of 5.97 X 107% was
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FIGURE 7.2 (a) Ideality factor vs. temperature of gold/n-type GaN SBD [35] and (b) zero
bias barrier height vs. temperature of gold/ n-type GaN SBD [35].
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FIGURE 7.4  Sensitivity vs. hydrogen concentration plot of Pt-SBD on m-GaN wafer at 0.1V
forward bias [38].

exhibited by PMGI-encapsulated SBD (Figure 7.6). Stable operation was reported for
both wet and dry H, up to a temperature of 300°C in the PMGI-encapsulated device.

Reverse leakage current is a major factor affecting the reliability of GaN SBD
[40-46]. In 2019, Li et al. [47] fabricated nickel nitride n-GaN SBD with a Ni target
by a magnetron reactive sputtering process. The barrier height of 1.2 eV was reported
in NiN SBD and barrier height of 1.0eV was reported in Ni SBD from the voltage—
capacitance measurement method. Figure 7.7 shows the voltage—capacitance plot of
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FIGURE 7.5 Barrier height vs. time plot of SBD on m-GaN after exposure to 4% hydrogen
in N, [38].
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FIGURE 7.6 Hydrogen responsivity vs. temperature plot of PMGI-encapsulated

and -unencapsulated SBD upon 500ppm dry H, exposure in the temperature range of
25°C-300°C [39].

Ni SBD and NiN SBD. Good rectification characterization is reported in NiN SBD
at various temperatures. Reduction by 2 orders of magnitude in reverse leakage cur-
rent is also reported for NiN SBD. Better temperature stability observed in NiN SBD
makes them ideal for temperature-sensing applications.
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FIGURE 7.7 Voltage—capacitance plot of Ni SBD and NiN SBD [47].

TABLE 7.1
Ideality Factor and Barrier Height of Various GaN-Based SBDs
Ref. SBD Ideality Factor (n)  Barrier Height () (eV)
[48] GaAsN SBD with 1.2% N 1.16 1.15
[49] Ag/InGaN/n-Si 2.84 0.79
[50] n-GaN SBD 1.3 1.01
[51] GaN NW SBD(CVD growth method) 1.65 0.80
[52] InAIN/GaN SBD after O, plasma treatment 1.59 0.94
[53] Vertical GaN SBD on Ammono GaN Substrate 1.65 1.05
(HVPE growth method)
[54]  Ni,N-GaN SBD(P(N,)=0.069 Pa) 1.09 1.21
[55] Cu/AlGaN/GaN SBD 1.3 1.66
[56]  Vertical GaN SBD on Ge-doped GaN Substrate 1.27 0.99
[571 Au/GaN/n-GaAs SBD 2.84 0.44
[58] Au/AZO/m-GaN SBD 1.57 0.90
[47] NiN-GaN SBD 1.13 1.20
[59] Pt/n-type GaN SBD (100K) 1.88 0.44

An overview of electrical parameters, namely, ideality factor and barrier height of
different GaN-based SBDs, is presented in Table 7.1.

7.3 4H-SiC-BASED SBD

4H SiC SBD finds wide applications in high-temperature sensors, power factor cor-
rection of uninterruptable power supplies, wind energy, traction system, motor-driven
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power converters, IGBT antiparallel diode, and also in same-class switching devices
[60-68]. In 2018, Rao et al. [69] investigated the performance of proportional to
absolute temperature (PTAT) sensor based on V,0s/4H-SiC SBD. The proposed
PTAT sensor exhibited good reproducibility and high linearity. PTAT sensor based
on V,0/4H-SiC SBD also reported small sensitivity in output for variations in bias
current. A sensitivity of 307 uV/K was reported. The thermal annealing process can
enhance the electrical parameters of 4H-SiC SBD. Annealing helps in reducing the
reverse leakage current in 4H-SiC SBD. Metal-semiconductor interfaces have a
strong influence on the electrical properties of SBD. The thermal annealing process
decreases the resistance between Schottky metal and SiC interface, thereby improv-
ing the contact quality [70-75]. Temperature dependence of ideality factor and bar-
rier height of Pd/n-4H SiC SBD were investigated by varying the temperature to
800 from 300 K [76]. Both parameters were observed to have strong temperature
dependence. An increase in temperature causes an increase in barrier height and a
decrease in ideality factor. At 300 K, 1.42¢eV barrier height and at 800 K, 2.27eV
barrier height were reported. Similarly, at 300 K, ideality factor of 1.62 and at 800 K,
ideality factor of 1.20 were reported. The variation of ideality factor and barrier
height as a function of temperature ranging from 300 to 800 K for Pd/n-4H SiC SBD
is shown in Figure 7.8a and b, respectively.

In the year 2020, Zeghdar et al. [77] investigated voltage (V,,), current (/,,), and
temperature characteristics of Mo/4H-SiC SBD. The temperature is varied to 498
from 303 K, and an increase in barrier height and a decrease in ideality factor are
observed with an increase in temperature (Figure 7.9a and b). The temperature-
sensing performance of Mo/4H-SiC SBD is investigated by forward-biasing the SBD
and varying the current level to 10nA, 100nA, 1 pA, 10 yA, 100 pA, and to 1 mA,
respectively (Figure 7.10). For current level ID=1 pA, high sensitivity of 1.92 mV/K
was reported.
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FIGURE 7.8 (a) Ideality factor vs. temperature of Pd/n-4H SiC SBD [76] and (b) barrier
height vs. temperature of Pd/n-4H SiC SBD [76].
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FIGURE 7.10 Voltage vs. temperature characteristics of Mo/4H-SiC SBD for various values

of current I, [77].

The temperature-sensing performance of tungsten/4H-SiC SBD was investigated by
analyzing the voltage—temperature characteristics by varying I, [78]. At I, = 5.97nA,
a maximum sensitivity of 2.33 mV/K was reported.

An overview of electrical parameters, namely, ideality factor and barrier height of
different 4H-SiC-based SBDs, is presented in Table 7.2.

7.4 ZnO-BASED SBDs

ZnO semiconductor material has a direct and wide energy gap, good thermal and
chemical stability, and high mobility of conducting electrons. These properties make
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TABLE 7.2

Ideality Factor and Barrier Height of Various 4H-SiC-Based SBDs

Ref. SBD Ideality Factor (n) Barrier Height ($) (eV)
[79] Ti/4H-SiC (750°C) 1.04 1.33
[80] Ni/4H-SiC(0 00 1) 1.6 1.25
[81] Ti/4H-SiC (500°C) 1.17 1.21
[74] Ti/Al 4H SiC SBD(60 minutes/873 K) 1.86 0.85
(82] Ti/4H-SiC SBD (700°C) 1.23 1.19
[83] Ni/4H-SiC SBD(500°C) 1.66 1.3
[84] 4H SiC SBD with Ni,Si Contact 2.72 1.358
[85] 4H SiC JBS (150°C) 2.06 0.78
[86] Ni/Si/Ni/4H SiC SBD 1.118 1.693
[87] Ni/4H-nSiC SBD (473 K) 1.225 1.625
[88] Ti/4H SiC SBD (sputter-deposited) 1.04 1.33

ZnO semiconductor material suitable for use in the fabrication of high-performance
Schottky ultraviolet photodetectors, laser diodes, gas sensors, nanogenerators, solar
cells, and light-emitting diodes [8§9-94]. Temperature characteristics of ZnO SBD
with iridium contact electrode were studied by varying the temperature from 25°C
to 150°C [95]. Both Cheung’s method and Norde’s model are used to investigate the
variation in barrier height with variation in temperature. With an increase in tem-
perature, increase in leakage current is observed in ZnO SBD (Figure 7.11). At room
temperature, barrier height greater than 0.8eV was reported by measurement from

10 5
107 5 .
< 10
~—
=
E
g 1073 —s—1s50c
——100°C
10_10 —4—50°C
—y—30°C
——25C
10_11 T T T T 1
-2.0 -1.5 -1.0 -0.5 0.0

Voltage (V)

FIGURE 7.11 Reverse voltage—current plot of ZnO SBD for different temperatures: 25°C,
30°C, 50°C, 100°C, and 150°C [95].
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both Cheung’s method and Norde model, which makes iridium contact electrode
an effective material in ZnO SBD photodetectors and metal-semiconductor—metal
(MSM) photodetectors.

In 2013, Zhang et al. [96] fabricated flexible Ag/ZnO SBD using a pulsed laser
deposition method. Barrier height of 0.54eV and ideality factor of 2.8 were reported
from the voltage—current characteristics. The electrical properties of SBD were
investigated with and without bending. Even under bending condition, no significant
variation is observed in the electrical performance of Ag/ZnO SBD, which makes
them suitable for applications involving flexible electronics. Figure 7.12 shows the
voltage—current plot of flexible Ag/ZnO SBD before and after bending.

The effect of various sputtering conditions in indium gallium zinc oxide SBD,
which finds application in high-speed electronics, was investigated [97]. The struc-
ture of SBD used was Pd/IGZO/Ti/Au. At room temperature, without any thermal
treatment, RF magnetron sputtering was used in the fabrication of InGaZnO SBD.
The electrical properties of SBD were analyzed by varying RF sputtering power
and oxygen partial pressure (Figures 7.13 and 7.14).An increase in barrier height
was reported with an increase in oxygen partial pressure. However, degradation of
interface quality, reduction in rectification ratio, and increase in ideality factor were
observed for high oxygen partial pressure and high RF sputtering power. At 2.5%
oxygen partial pressure and 50 W RF sputtering power, ideality factor of 1.14 and
barrier height of 0.73 eV were reported.

An overview of electrical parameters, namely, ideality factor and barrier height of
different ZnO-based SBDs, has been presented in Table 7.3.
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FIGURE 7.12  Voltage—current plot of flexible Ag/ZnO SBD before and after bending [96].
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and (b) O, partial pressure vs. barrier height characteristics of InGaZnO SBD [97].

7.5 OTHER EMERGING SBDs

In recent years, various types of SBDs incorporating different semiconductor mate-
rials have been extensively investigated for different types of applications. Light
weight, easy processing technique, and low cost have made conducting polymers as
well as their composites find wide applications in the fabrication of various optoelec-
tronic and electronic devices including organic Schottky diodes. Low-temperature,
processing, and good flexibility are the main advantages of organic semicon-
ductor thin films. The main drawback of organic SBD is its poor environmental
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TABLE 7.3
Ideality Factor and Barrier Height of Various ZnO-Based SBDs

Ideality Barrier Height

Ref. SBD Factor (n) ($) (eV)
[98] Graphene/ZnO nanowire SBD 1.7 0.28
[99] Indium gallium ZnO SBD 2.1 0.51
[100]  Ag/ZnO SBD (10 uW/cm? illumination intensity) L.71 0.69
[101] Ni/Cu-doped ZnO SBD 3.16 0.7245
[102] PEDOT:PSS/a-IGZO (160 nm)/Mo SBD 1.63 0.76
[103] ZnO/single-layer graphene SBD 1.82 0.684
[104] Au/ZnO SBD 2.27 0.54
[105] 4.0 at% Ce-doped ZnO nanorods SBD 3.0 0.764
[106] In-Ga-ZnO SBD 0.88 0.76
[107] Pd/Cu-doped p-ZnO/n-Si SBD 2.2 0.79
[108] Pd/ZnO/n*-Si/AuSb SBD 2.84 0.66
[109] PEDOT:PSS/ZnO SBD (bending radius 4 mm) 3.7 0.83
[110] AgO,/IGZO SBD 1.7 1.14
[111] Pd/ZnO/Sn-Si/AuSb SBD 2.40 0.77
[112] Ag/ZnO/Al SBD 3.75 0.67
[113] SBD based on 0.4 at% (Ce and Sm) co-doped ZnO nanorods 5.11 0.704
[114] Ag, 0 (8% R[0,])/ IGZO SBD 1.03 0.96
[115] Cu/ZnO SBD 2.78 0.54
[119] FTO/CP/a-IGZO/Mo SBD 241 0.56

stability [117-120]. Organic SBD finds application in the fabrication of organic
strain sensors [121]. Srivastava et al. [122] fabricated a novel polycarbazole-based
organic SBD (a-si/PCz/ITO), which exhibited very good rectifying behavior.
Barrier height of 0.96¢V, ideality factor of 1.3, and reverse saturation current den-
sity of 8.78 x 102A were reported. Diamond SBDs were used in the fabrication of
high-frequency and high-power electronic devices [123-129]. The major drawback
of diamond SBD is its low breakdown voltage [130,131]. The breakdown voltage
in diamond SBD can be improved using the floating metal ring (FMR) edge ter-
mination technique [132]. Ry, (ring number), R, (ring spacing), and Ry, (ring width)
are the three parameters of the FMR method. The breakdown voltage variation by
changing one ring parameter and keeping the other two parameters fixed has been
studied. Figure 7.15 shows the plot of variation in breakdown voltage as a function
of ring spacing. The ring spacing is varied to 7 from 3 um by keeping the ring width
constant at 5, 10, and 15 pm. At 5 um, a ring spacing decrease in breakdown voltage
is reported.

Figure 7.16 shows the plot of variation in breakdown voltage as a function of ring
width. The ring spacing is kept constant at 5, 10, and 15 um. With an increase in ring
width, increase in breakdown voltage is observed in diamond SBD.

Figure 7.17 shows the plot of variation in breakdown voltage as a function of ring
number. At R, = 3, a decrease in breakdown voltage is reported. It was observed
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that these ring parameters have a significant impact on the breakdown voltage of
diamond SBD.

Feng-Renn Juang et al. [133] fabricated Au/SnO,/n-type low-temperature polysili-
con MOS SBD, which is used as an effective carbon monoxide sensor. Further, 546%
relative response ratio was observed in Au/SnO,/n-type low-temperature polysilicon
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FIGURE 7.17 Ring number vs. breakdown voltage plot of diamond SBD [132].

MOS SBD to 100 ppm carbon monoxide exposure. Au/SnO,/n-type low-temperature
polysilicon MOS SBD was reported to be a high-performance and low-cost carbon
monoxide sensor. In betavoltaic batteries, Au-Si SBD was used as an effective energy
conversion device [134]. When compared to the conventional p—n junction, which
was used as an energy conversion device in betavoltaic batteries, Au-Si SBD exhib-
ited higher short circuit current and higher radiation resistance. An overview of elec-
trical parameters, namely, ideality factor and barrier height of various types of SBDs,
is presented in Table 7.4.

The use of advanced semiconductor materials further improves the performance
of SBDs [166-174].

7.6 CONCLUSIONS

SBDs are suitable to be employed in various high-current, low-voltage applications.
They have high switching speed, which makes them suitable for high-frequency and
microwave applications. SBDs also find applications in detectors, linearizers, mul-
tipliers, and in the mixer as a nonlinear device. It is also widely used as efficient
hydrogen and CO, gas sensors. High-performance temperature sensors have been
fabricated with the help of SBDs. In this chapter, we have reviewed different emerg-
ing SBDs such as GaN SBD, 4H-SiC SBD, ZnO SBD, diamond SBD, and organic
SBD, as well as their applications. It was observed that Cu/diamond SBD is ideal as
a high-power device operating at several hundred °C.
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TABLE 7.4
Ideality Factor and Barrier Height of Various Types of SBDs
Ideality Barrier Height

Ref. SBD Factor (n) () (eV)
[135] InGaP/GaAs SBD 1.20 1.01
[136] Erbium Silicide SBD 1.23 0.76
[137] Pd/InP(p) pseudo-SBD 0.80-0.83 1.14-1.28
[138] Au/graphene (500°C)/n-type silicon SBD 1.82+0.04 0.78+0.01
[139] Au/PVDF/n-InP SBD 1.14 0.73
[140] Ag/MgPc/n-GaAs/Au-Ge SBD 3.64 0.53
[141] Pt/p-NiO/n-PANI/n-Si SBD 7.425 0.7021
[142] Pt/n-Ge SBD (183 K) 1.65 0.44
[143] Ni/p-Si SBD 8.88 0.205
[4] MgPc/n-Si SBD 1.1 0.98
[144] Au/n-InP MS SBD 1.94 0.74
[145] n-Si/BLG 2.13 0.54
[146] Au/ZnO nanostructures/ITO SBD 1.96 0.81
[147] Al/n-type si SBD with 20% Au and 80% 1.96 0.79

CuPC nanocomposite interlayer
[148] Ag/TiO, nanotube array SBD 2.39 0.92
[149] Au/n-Si SBD (290 K) 1.11 0.798
[150] Au-n-GaAs SBD 1.05 0.783
[151] Ti/Au/n-GaAs planar SBD 1.2 0.840
[152] Al/CusFeS,/FTO SBD 2.54 0.22
[153] MoS,—graphene composite-based SBD 1.31 0.63
[154] Fe@MEA metallohydrogel-based SBD 1.33 0.72
[155] Cu-Al-Mn SMA-based SBD 3.52 0.58
[156] Cu/MoO;-ZrO,/p-Si SBD (15wt% Zr) 2.98 0.664
[157] Graphene/HfO,/Si SBD 1.66 0.51
[158] FeGa/n-Si SBD 2.57 0.76
[159] Al/HfO,/n-Si SBD (600°C) 34 0.776
[160] Cu/Ce-V,04/n-Si SBD (6wt% Ce) 1.95 0.79
[161] Au/Ga Se:Ce SBD (100 K) 3.97 0.31
[162] Al/ 8wt% Zr:SnO,/p-Si SBD 2.78 0.96
[163] Au/Ni/p-Ga,0; SBD (100 K) 2.76 0.40
[164] Al/Ce:ZrO,/p-Si SBD 2.71 0.99
[165] 3D-Gr Si SBD (laser-patterned) 6.67 0.61
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8.1 INTRODUCTION

Transistors need to have features like less power dissipation, lower leakage current,
higher current-driving capability, enhanced operational frequency, etc., to meet the
present-day demands of ULSI industries [1]. Consequently, the quantity of transistors
has been increased, whereas the transistor size has been gradually reduced to the sub-
10nm regime to accomplish these demands [2]. The continuous reduction in transistor
size results in unwanted short-channel effects (SCEs) such as threshold voltage roll-
off, mobility degradation, subthreshold swing (SS), and drain-induced barrier lowering
(DIBL) [3—6]. The I-V characteristics of the device deteriorate considering the mini-
mized gate control area over the channel in short-channel devices. Numerous device
structures have been proposed to suppress these effects, such as multigate MOSFET [7],
cylindrical gate MOSFET [8,9], recessed channel MOSFET [10-12], TFETs [13], and
FinFETs [14,15]. FinFET, due to its characteristics, like enhanced drive-current capa-
bility, amplified electrostatic control over the channel, reduced leakage current, etc.,
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has gained acceptance as a capable device to overcome the SCEs effectively [16]. The
gate all around (GAA) structure was put forward to escalate the subthreshold FinFET
performance [17,18]. Due to the high gate control area over the channel, the GAA
FinFET is more electrostatically stable than the conventional FinFET. Subsequently,
the device size can be further reduced without compensating the performance.

The sharp and ultra-shallow p-n junction fabrications at the sub-10nm regime are
a difficult piece of work. Inspired by Lilienfeld’s work, Colinge proposed junctionless
(JL) transistors to elude problems [19,20]. JL transistors can be easily fabricated as
they do not comprise any p-n junction and are economical. The JL devices have bet-
ter immunity to SCEs with the productively enhanced channel length [21]. Still, they
cannot deplete the channel entirely in the OFF state to achieve superlative turn-off
characteristics [22]. The rapid depletion of the charge carriers in the OFF state can
be done by providing a lower channel region doping concentration, although it will
increase the drain/source series resistance and reduce the drain current. Consequently,
junctionless accumulation mode (JAM) transistors with amplified source/drain dop-
ing are taken into consideration to overcome these problems [23-25].

The device performance can be enhanced, and SCEs can be suppressed using
underlap high-k spacer engineering. With underlap introduction into the device, the
effect of drain bias in the channel region is reduced, reducing the SCEs [26]. The
high-x spacer enhances the low I, reported by the underlap MOSFETSs [27]. Studies
have confirmed that enhanced I, reduced I ;;, and excellent control over the chan-
nel are attainable using high-k spacers in the underlap region [28-30]. This chapter
considers S/D underlap JAM-GAA FinFET with high-& spacers and studies its influ-
ence on parameters like intrinsic gain, early voltage, quality factor, device efficiency,
transconductance, drain current, TFP, GBP, cut-off frequency, etc. The purpose of
this study is to quantitatively describe the impact of high-x spacers on device perfor-
mance and optimize its value and spacer length in terms of analog/RF parameters.

The chapter is organized as follows. Section 8.2 delineates the structure details of
the device. Section 8.3 focuses on the simulation framework along with the calibra-
tion of experimental and simulation data. Section 8.4 discusses the impact of sym-
metric underlap S/D high-xk spacer on analog/RF performance parameters. Further,
the analog/RF performance of JAM-GAA FinFET is investigated for different val-
ues of the high-k spacer and spacer lengths. Section 8.5 authenticates the paper’s
originality with concluding remarks.

8.2 DEVICE STRUCTURE

The three-dimensional and two-dimensional structures of the proposed JAM-GAA
FinFET with the high-x spacer are portrayed in Figure 8.1a and b. The whole fin
region contains silicon (Si) material. The uniform doping profiles are assumed, and
the entire fin region from source to drain is doped with n-type doping during the
analysis. As explained in the introduction section, the channel region doping con-
centration (N,) is lower than the S/D region doping concentration (Ny/,,) to make
the device work in JAM mode. The fin width (W};,) is a multiple of fin height (H;,)
throughout the simulations to obey the width quantization property [31]. Polysilicon
gates exhibit a polydepletion effect that reduces the device’s effective oxide thickness
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FIGURE 8.1 (a) JAM-GAA FinFET 3-D structure with a symmetric underlap S/D high-x
spacer and (b) a horizontally cut 2D structure of the proposed device.

TABLE 8.1

Distinct Device Parameter Dimensions Considered in Device Simulations
Parameters CONVL FinFET GAA FinFET GAAWS FinFET
S/D doping concentration (N, cm™) 5x 10" 5x10' 5x10'8
Channel doping concentration (N, cm™) 1x10'" 1x10' 1x 10
Fin width (W, nm) 5 5 5

Fin height (H;,, nm) 10 10 10

Work function (¢,,, eV) 4.65 (TiN) 4.65 (TiN) 4.65 (TiN)
Oxide thickness (7,,, nm) 1 1 1

S/D region length (Lg,,, nm) 15 15 15

Gate length (L,, nm) 10 10 10

High-k spacer (k) - - 3.9 (Si0,)
Underlap high-x spacer length (L,, nm) - - 5
Temperature (7, Kelvin) 300 300 300

(EOT), thereby reducing the device’s performance. In addition, polysilicon gates are
not chemically stable with high-x dielectrics, due to which metal gates are considered
over the polysilicon gate at the moment [32]. In metal gates, titanium nitride (TiN) is
chosen due to its standout features such as compatibility during CMOS processing,
low resistivity, high purity, thermal stability, etc. [33,34]. The high-x spacer ranges
from k=3.9 (Si0,) to k=40 (TiO,) with a 5nm default spacer length (L,,). All of the
device parameters used in the analysis are mentioned in Table 8.1.

8.3 SIMULATION METHODOLOGY AND
EXPERIMENTAL CALIBRATION
The Silvaco ATLAS 3D simulator has been used to run numerical simulations of dif-

ferent devices [35]. In numerical simulations, the accuracy of the device performance
depends on the selection of the appropriate models. The numerical models comprise
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a set of integral equations and must be implemented properly. For device simulations,
the general framework is provided by Poisson’s and continuity equations. However,
secondary models and equations are required to acquire more convincing and precise
results. The various physical models used for device simulations are mentioned below.

(i) Bohm Quantum Potential Model (BQP) [36]
Q = 0.57°x y[VIM~'V(n*)}/n] 8.1)

Quantum confinement effects cannot be neglected in the sub-10 nm regime
devices. The Bohm interpretation of quantum mechanics is used to derive
the BQP model. Here, M~! represents the inverse effective mass tensor, 7 is
Planck constant, y and « are the adjustable parameters with 1.4 and 0.3 as
the default values for Si, respectively, and n denotes electron density.

(i) Bandgap Narrowing Model (BGN) [37]

AE, = BGN.E[ln(N/BGN.N) + {(n N1BGN.NY + BGN.C}UZ] (8.2)

The bandgap separation decreases when the doping is higher than 10¥cm=.
The conduction band is lowered almost as much as the valence band is
increased. Thus, the BGN model is introduced to implement the bandgap
narrowing effects. Here, AE, signifies the bandgap variation; N denotes
doping concentration; and BGN.C, BGN.N, and BGN.E are user-definable
parameters.

(iii) Crowell-Sze Impact lonization Model (Crowell) [38]

a,,= (1/2) x exp{CO(r) + C(r)x + Cz(r)xz} (8.3)

The impact ionization effects are introduced with the help of this model.
Here, C(r), C,(r), C,(r) are the ionization coefficients, and the carrier mean
free path for optical phonon generation is represented by A.
(iv) Klaassen Band-to-Band Tunneling Model (BBT.KL) [39]

Gssr = D x BB.A x EPP*™A s oxp(~BB.B/ E) (8.4)

It is used to incorporate the tunneling of electrons between conduction
and valence band. Here, D denotes the statistical factor; E represents the
electric field magnitude; and BB.A, BB.B, and BB.GAMMA are user-defin-
able parameters.

(v) Shockley—Read—Hall Recombination Model (CONSRH) [40,41]

Rspn = (pn - n,f) / [TP {n + n,-eexp(ETmp 1 kT, )} +7.{p+ n,-eexp(—ETmP 1 kT, )}:|
(8.5)

SRH model is invoked to consider the generation and recombination
effects. Here, E,,p is the difference between trap energy and intrinsic
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FIGURE 8.2 Simulated and experimental (a) /,~V, (b) /,~V, characteristics of all-around-
gate (AAG) Si FinFET.

Fermi levels, n,, is the intrinsic concentration, and 7, and 7, signify the elec-
tron and hole lifetimes, respectively.
(vi) Fermi—Dirac Statistics Model (Fermi) [42]

f(e) = 1/[1 + exp{(e — Er)/kT;}] (8.6)

It is included to enhance the result accuracy. Here, ¢ signifies energy,
T, is the lattice temperature, k indicates the Boltzmann’s constant, and E,
indicates the Fermi level.

(vii) Concentration-Dependent Low-Field Mobility Model (CONMOB) [35]

CONMOB model associates the low-field carrier mobility with the
impurity concentration.

Numerical methods are used to obtain solutions to semiconductor device
problems. In this chapter, NEWTON and BLOCK methods are incorporated
to solve the equations. It is necessary to calibrate the simulated data with the
experimental data to validate the physical models used in the simulations.
Thus, we precisely extracted Hyunjin’s experimental data and compared it
with the simulated device structure [43]. The same device dimensions and
physical models are used to confirm the simulations. The 1,~V,, and I~V
curves of all-around-gate (AAG) Si FinFET are portrayed in Figure 8.2a
and b, which shows that experimental results are close to simulated results,
thereby confirming the models selected for analysis.

8.4 RESULTS AND DISCUSSION

This section discusses the efficiency of a symmetric underlap S/D high-k spacer on
analog and RF performance parameters by comparing gate all around with spacer
(GAAwS) FinFET with the conventional (CONVL) FinFET and GAA FinFET.
Figure 8.3 represents the [~V curve in log and linear for all three simulated devices.
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The drain current (/,) increases with the increase in the gate voltage (V,,). The maxi-
mum on current (/,,) is observed for GAAwS FinFET due to the fringing field effects
in the underlap regions. Moreover, the off current (/) observed for GAAwS FinFET
is ~1072 A compared to ~10~!' A for the other two device structures. Thus, high-x
spacer introduction improves both the I, and I of the device. Figure 8.4a and b
exhibits the switching ratio (/,,/l,,) and threshold voltage (V,,) of the simulated

on' o,

devices. As explained earlier, due to increased /,, and reduced 1,4, the 1, /1, ratio is
enhanced significantly for GAAwS FinFET. Compared to the CONVL FinFET, the
threshold voltage increases from 0.308 to 0.358 V for GAAwS FinFET. The SS and
transconductance (g,,) of the three devices are portrayed in Figure 8.4c and d. SS'is a
vital parameter, and it reduces from 76.51 to 75.60 mV/decade for the GAA FinFET
structure due to the enhanced electrostatic control. Further, it reduces to 72.18 mV/
decade with the use of a high-x spacer indicating better immunity to SCEs. At a fixed
drain-source voltage (V,), deviation in the I,~V, is measured by transconductance,
and g, =0dl,/0V, [44]. The g, increases with the increase in V, and is recorded the
highest at V,,=0.7V for GAAwWS (29.38 uS) compared to the CONVL (27.12 uS) and
GAA (27.93 uS) device structures.

The switching behavior of the device is evaluated by an essential parameter known
as quality factor (QF =g, /SS) [45,46]. The higher the QF, the better the switching
behavior. Figure 8.5a represents the QF for the three device structures considered.
QF is evaluated for the peak value of g, (V,;=0.7V). Due to the enhanced g,, and
reduced SS, QF increases by 14.32% for GAAwS FinFET compared to CONVL
FinFET. Transconductance generation factor (TGF) is the fraction of generated gain
per unit power loss, i.e., TGF=g, /I, [47]. The higher the value of TGF, the more
efficient the device operation at a lower supply voltage. TGF is plotted against V,, for
all simulated devices in Figure 8.5b. Compared to the other two device structures,
the maximum value of TGF is obtained for GAAwS FinFET due to improved g,,. The
device-driving ability is defined by the output conductance (g,) [48]. The variation
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of I, and g, against V, at fixed V, is displayed in Figure 8.6a and b. First, the I,
increases sharply and then linearly with the increase in the V.. Compared to CONVL
FinFET, the drain current is reduced for GAA FinFET and significantly reduced
further for the GAAwS FinFET structure. The reason for this decrease is the sup-
pressed SCEs and enhanced gate controllability. The output conductance decreases
before maintaining a constant value with the increase in V. The g, is significantly
lower for GAAwS FinFET than for the other two structures because the smaller the
drain current, the higher the output resistance, and consequently, the lower the output
conductance (R,=1/g,). Intrinsic gain (A,=g,,/g,) and early voltage (V ,=1,/g, are
crucial analog parameters and should be as high as possible [48,49]. Figure 8.6¢ and
d depicts the variation of A, and V;, against V,, for the three devices considered. The
A, is enhanced more than three times, while V, is increased by 62.55% for GAAwS
FinFET compared with CONVL FinFET. This considerable increase in both the
parameters is because of the suppressed g, and improved g,, and /.
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source voltage for different structural designs.

The change in gate—source capacitance (C,,), gate—drain capacitance (C,;), and
gate—gate capacitance (C,,) against V,, for each considered structure is presented in
Figure 8.7a—c. These intrinsic gate capacitances are extracted using AC small-signal
analysis performed at 1 MHz operating frequency. In the subthreshold region, the
intrinsic gate capacitances of all devices remain almost the same. However, a signifi-
cant difference in the values of C,,, C,;, and C,, beyond V, =0.7V is detected. The
maximum value of C,; and C,, is obtained for the GAAwS FinFET structure com-
pared to the other two structures. This is due to the direct dependence of gate capaci-
tance on the dielectric permittivity (Cx k) and enhanced charge carrier’s movement
from source to drain side, thereby increasing the lateral field. As expressed in equa-
tions (8.7) and (8.8), cut-off frequency (f;) and maximum oscillation frequency (f,,,,)
are the frequencies at which current gain and maximum unilateral power gain become
unity (0dB), respectively [50,51]. Figure 8.8a and b exhibits the peak value plot of f;.
and f,,,, obtained at V,;=0.55V. A slight decrease in f (from 1.917 to 1.889 THz) is
observed for the GAAwS FinFET compared to the CONVL FinFET because of the
increased intrinsic gate capacitances. f,,,, also deteriorates from 21.21 to 15.91 GHz
with the use of the high-k spacer. The reason for this significant decrease in f,,,, is the
enhanced intrinsic gate capacitances and drain—source output conductance (g,,) and
reduced cut-off frequency.

fr=gu!{2m(Ct+ Cu)} 8.7)
Foax = fr IN{4R (g + 27/ Coa )} 8.8)
TFP = (g./14) X fr (8.9)
GBP = g, /(207 x Cy) (8.10)

Transconductance frequency product (TFP) and gain bandwidth product (GBP) are
crucial for high-frequency applications. Both the parameters need to have a high
value for enhanced performance. An agreement between bandwidth and power is
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exhibited through TFP and GBP [52,53]. Variation of TFP and GBP against V,, for
all simulated devices is portrayed in Figure 8.8c and d. Both parameters increase
with V,, attain a peak value, and then decrease with further V. The maximum value
of TFP and GBP is obtained for the GAAwS FinFET because as shown in equation
(8.9), TFP is the product of TGF and f;, and the increase in the TGF for the GAAwS
FinFET is sufficient to overcome the decrease in f. Likewise, GBP contains trans-
conductance and drain—source capacitance in the form of variable parameters (as
depicted in equation (8.10)), and the overall product is higher for the GAAwS FinFET
than the other two structures. Other important parameters for high-frequency appli-
cations are gain frequency product (GFP) and gain transconductance frequency
product (GTFP) expressed in equations (8.11 and 8.12), respectively [54]. Figure 8.8e
and f presents the peak value plot of GFP and GTFP obtained at V,,=0.55V. A
significant improvement is observed in GFP (from 42.23 to 110.42 THz) and GTFP
(248.99% increase) for the GAAwS FinFET compared to the CONVL FinFET. This
substantial increase in both the parameters is mainly because of the increased intrin-

sic gain and TFP.
GFP = (gn/84) X fr (8.11)

GTFP = (g, /1s) X frx (gn/gs) = TFP x A, (8.12)
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8.4.1 HiGH-K SpACER INFLUENCE ON ANALOG/RF PERFORMANCE

In the previous section, we have seen that the analog/RF performance of JAM-GAA
FinFET improves prominently with the implication of a symmetric underlap high-x
spacer. Thus, in this section, various essential analog/RF parameters are inspected
for the different values of high-x spacer varying from k= 3.9 (SiO,) to k = 40 (TiO,)
with a 5Snm default spacer length (L,,) on both sides of the drain and the source.
Figure 8.9 represents the /,~V,, curve in linear and log scales for each high-x spacer
considered. Due to increased fringing field effects in the underlap region, the 7, cur-
rent of the device increases with the increase in the high-x value. Moreover, the I
current observed for TiO, is lower than the I, for SiO,. Consequently, 1,,/1, ratio
improves by more than five times for TiO, than SiO, portrayed in Figure 8.10a. Thus,
the increase in the high-k values improves the device’s 1,,,, I, and 1,,/I,; ratio. The
V,, also increases with the increase in the high-x value, as portrayed in Figure 8.10b.
Figure 8.10c and d exhibits the SS and transconductance for the different materials
used as a high-k spacer. SS is reduced from 72.18 mV/decade (SiO,) to 66.70 mV/
decade (TiO,) owing to the reduced I ;; current and fringing field effects, whereas
g,, increases with the increase in the underlap dielectric value. Transconductance
depends mainly on the S/D charge difference (Qs—Q)) [55,56]. The feedback field
through the S/D spacer increase this charge difference, which increase the device’s
transconductance.

Figure 8.11a and b represents the QF and TGF for all of the different high-x spac-
ers considered. The increase in the underlap dielectric value from 3.9 to 40 increase
the QF from 0.407 to 0.539 pS-decade/mV. This increase is obvious because of the
enhanced g,, and reduced SS. Likewise, TGF also increases significantly with the
underlap dielectric value. Due to the improved g,, and [,, TGF increases by 17.46%
for TiO, than the SiO, dielectric spacer. The output characteristics and output con-
ductance variation for different high-x spacers are presented in Figure 8.12a and b.
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The decrease in both parameters with the increase in the high-x spacer value signi-
fies the reduction in the SCEs. This reduction in g, and I, reflects in the curve of
intrinsic gain and early voltage depicted in Figure 8.12c and d. The A, is enhanced
by 60.10%, while V, is increase by 27.59% when SiO, is replaced with TiO, in the
underlap spacer region. This considerable increase in both the parameters is because
of the reduced g, and enhanced g,, and I,. Thus, with the change in the underlap
spacer value from 3.9 to 40, the JAM-GAA FinFET analog performance improves
considerably.

The change in C,,, C,,, and C,, against V,, for each considered high-x spacer is
presented in Figure 8.13a—c. In the subthreshold region, the intrinsic gate capaci-
tances of all devices remain almost the same. However, a significant difference is
observed in intrinsic gate capacitance beyond the subthreshold regions, especially in
TiO,. This is due to the direct dependence of gate capacitance on the dielectric per-
mittivity (Cx k) and enhanced charge carrier’s movement from source to drain side
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due to the gate-induced fringing field. Figure 8.14a and b exhibits the deterioration
of the device’s f; and f,,,, because of a rise in the intrinsic gate capacitances. When
the value of the underlap spacer changes from 3.9 to 40, the peak value of f, and f,, .
obtained at V,;=0.55V is reduced by 16.40% and 28.30%, respectively. Variation
of TFP and GBP against V,, for different high-x spacers materials is portrayed in
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Figure 8.14c and d. Both parameters increase with V,, attain a peak value, and then
decrease with further V. The maximum value of TFP decreases when the under-
lap spacer material is replaced from SiO, to TiO, because of the reduced cut-off
frequency. On the other hand, GBP is increased with the increase in the underlap
spacer value because the surge in the transconductance is sufficient to overcome
the increase in the drain—source capacitance. Figure 8.14e and f presents the peak
value plot of GFP and GTFP obtained at V,,=0.55V. A significant improvement is
observed in GFP (from 110.42 to 135.35 THz), whereas GTFP is increased by 37.5%
for the TiO, spacer compared to the SiO, spacer. This substantial increase in both
the parameters is mainly because of the increased intrinsic gain (increased g,, and

reduced g,).

8.4.2 SpPACER LENGTH INFLUENCE ON ANALOG/RF PERFORMANCE

It has been observed in the previous section that the analog parameters improve
significantly, whereas RF parameters exhibit mixed reactions for the different val-
ues of the high-x spacer. Therefore, in this section, we have considered TiO, as the
default high-x spacer and inspected various analog/RF parameters for the different
S/D underlap spacer lengths (L,,) to detect the action of spacer engineering. The L,,
is varied from 2.5 to 12.5nm with a step size of 2.5 nm. Figure 8.15 represents the
I,~V,; curve in log and linear scales for different spacer lengths. Due to increased
accumulation of charge in the underlap region, the I, current of the device increases
up to 7.5 nm spacer length and decreases with a further increase in the L ,. Moreover,
the 1, current follows the same trend and is lowest for the 7.5nm L,,. Consequently,
the 1,,/1,, ratio and the threshold voltage are recorded highest at the 7.5nm spacer
length as portrayed in Fig. 8.16a and b. Figure 8.16c and d exhibits the SS and trans-
conductance for the different L , values. SS reduces with the increase in the underlap
spacer length, thereby indicating the improved SCEs. Since g,, is a derivative of drain
current, it follows the same pattern. First, it increases with L, attains a peak value

at 7.5nm, and decreases with further L ,. Transconductance inversely depends on
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the channel length, and the increase in spacer length increases the effective channel
length, thereby reducing the g,, after the optimum value.

The variation of QF and TGF against spacer lengths is represented in Figure 8.17a
and b. The QF increases initially with spacer length, attains a maximum value
at 7.5nm, and then decreases afterward. This increase is obvious because of the
enhanced g,, and reduced SS. Likewise, TGF is also recorded at a maximum value
for 7.5nm L,, due to the improved g,, and I,,. Figure 8.18a and b displays the output
characteristics and output conductance variation for different spacer lengths. The
decrease in both parameters with the increase in the spacer length value signifies
the reduction in the SCEs. The curve of intrinsic gain and early voltage against
spacer lengths is depicted in Figure 8.18c and d. Again, the maximum value of both
the parameters is obtained at 7.5 nm spacer length. Thus, JAM-GAA FinFET with
TiO, as spacer exhibits the most improved analog performance for 7.5nm spacer
length.
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Figure 8.19a—c presents the change in C,,, C,,, and C,, against V,, for each consid-
ered spacer length. In the subthreshold region, the increase in the intrinsic gate capaci-
tances with the spacer length is not that much. However, a significant difference is

observed in intrinsic gate capacitance beyond the subthreshold regions. C, increases
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with the increase in the spacer length, whereas the reverse effect is observed for the C,,.
The overall combination of C,, and C,,, that is, gate—gate capacitance (C,,), increases
with spacer length. The intrinsic gate capacitance increase reflects in the deteriora-
tion of the device’s f; and f,,,, as depicted in Figure 8.20a and b. When the value of
the underlap spacer length is increased from 2.5 to 12.5nm, the peak value of f; and
fnax Obtained at V, =0.55V is reduced by 36.48% and 32.86%, respectively. Variation
of TFP and GBP against V,, for different spacer lengths is portrayed in Figure 8.20c
and d. The maximum value of TFP decreases when the underlap spacer length is
enhanced from 2.5 to 12.5nm because of the reduced cut-off frequency. Similarly,
GBP is also decreased with the increase in the underlap spacer length value. Figure
8.20e and f presents the peak value plot of GFP and GTFP obtained at V,;=0.55V.
Because of the increased intrinsic gain (increased g,, and reduced g,) for 7.5nm L,
the peak value of both the parameters is attained at the same spacer length.

8.5 CONCLUSIONS

For the first time, this work has examined the symmetric underlap S/D high-x
spacer effect on the analog/RF performance of JAM-GAA FinFET. The results
obtained using TCAD simulations reveal that GAA FinFET with high-x spacer
exhibits enhanced device performance owing to the fringing field effects compared
to the GAA FinFET and conventional trigate FinFET. The implication of a high-x
spacer improves the switching ratio by about fivefold, increases the intrinsic gain
by 216.33%, nearly doubles the early voltage, and substantially improves the RF
parameters such as GFP (1 150.55%) and GTFP (1 221.98%). When the high-k spacer
value increases from k=3.9 (Si0O,) to k=40 (TiO,), the channel region conducts
more efficiently owing to the gate fringing field, thereby improving the electrical
parameters of the proposed device. It is discovered that using TiO, as a high-x spacer
significantly increases the A, (60.10%) and GFP (22.58%) and improves the leakage
current and SS by 80.97% and 7.59%, respectively. Further, the S/D underlap spacer
length (L,,) is optimized with TiO, as the default high-x spacer to inspect the action
of spacer engineering on various analog/RF parameters. Improved analog and RF
performance parameters are observed for 7.5nm spacer length. Consequently, the
proposed symmetric S/D underlap JAM-GAA FinFET with k=40 and L,,=7.5nm
can be looked upon as a tempting option for low-power applications.
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9.1 INTRODUCTION

At present, human beings are in a way buried in electronic devices. Human beings
have not only become dependent on such devices for ease and application but are also
obsessed with them. To understand this, we can rely on the simple observation that in
last few decades, the number of electronic devices an individual possesses and uses in
everyday life has gone up manifold. We are surrounded by microelectronic devices.
However, all of these visible devices are only a part of things; for the performance
of these visible devices, we have the internet of things in the background like virtual
space, massive data centers, cloud computing, etc., which create a huge power demand,
as shown in Figure 9.1. All of the developed industries that affect the everyday life of
human beings owe their achievements to the advancement of microelectronics. Silicon
technology has advanced with an exponential rate in terms of performance and produc-
tivity during the past few decades, which was anticipated by Moore in 1965.

Moore’s law arises from the fact that the cost decreases by increasing the number of
transistors, but it also increases the chance of defects. Moore stated that the number of
transistors on an integrated circuit would be doubled every 2 years. This law became
a self-fulfilling prophecy for the semiconductor industry and is valid to date, which is
evidenced by the International Roadmap for Semiconductors (ITRS) [2]. The scaling
in microelectronics has been driven by the demand for a higher-density integration in
order to minimize the fabrication cost and also increase the speed. The scaling based
on Moore’s law did not confront any sever obstacles until these past years, where the
transistor dimensions reached the sub-100nm regime [3]. By increasing the number
density of transistors, the power consumption increases exponentially.

The problem started with the advancement of technology and the quest for faster
calculations, which translates to higher frequencies. The consumed power was
mostly dissipated during the switching of transistors. Hence, increasing the number
density of transistors results in an exponential rise in power consumption. It is also
anticipated that aggressive scaling will finally stop due to the inability to remove the
heat generated by transistors [4].

Therefore, we can see that power is the critical factor for the growth of micro-
electronics at the microlevel (from the point of view of scaling) and the macrolevel
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FIGURE 9.1 Energy consumption by data centers [1].
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(from the point of view of increasing demand) as shown in Figure 9.2. The only solu-
tion to both these problems is the fabrication of low-power electronic devices. For
obtaining power-efficient devices, the subthreshold swing (SS) of the devices should
be reduced. But it is stuck at 60 mv/decade due to the Boltzmann Tyranny limit [6].
According to this tyranny, SS cannot be below 60 mV/decade when the transport
mechanism is the same as that of the conventional transistors. SS is defined as

-1
sg=| 4ol ©.1)
av,

if it is written in terms of surface potential, it becomes

-1
55 = dy, || dlogl, 9.2)
dv, dy,
=m*n

where ‘m’ is the voltage amplification, whereas ‘n” depends upon the current flow
mechanism (carrier inject phenomenon) of the device. Figure 9.2 describes that
static power dissipation is more in comparison to dynamic power dissipation, and
this becomes the challenging factor for the CMOS industry. For an ideal switch,
1,, should be as high as possible and /,;, should reach zero. Practically, this type of
switch is not possible; therefore, we focus on small SS switches that have an improved
1,,/1,;;atio over conventional MOSFETSs. There are many devices that come under
energy-efficient devices such as tunneling field effect transistor (TFET) [7], impact
ionization (IMOSFET) [8], and nanoelectromechanical FET (NEMFET), which
improves the factor ‘n’. Negative capacitance FET (NCFET) is also a solution for
reducing power dissipation and improving the 1,,/1,,ratio [9,10]. It is based on the

factor ‘m’, which means that it reduced power dissipation by reducing voltage across
the device using the concept of negative capacitance.
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FIGURE 9.2 Static and dynamic power comparison as technology node improves taken
from reference [5].
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9.2 NEGATIVE CAPACITANCE

To overcome the Boltzman tyranny limit, in 2008, a negative capacitance concept
was given by Salahuddin and Datta. According to it, the conventional gate material
is replaced with the negative capacitance material. NC is not present in conventional
paraelectric material, but it can be obtained using ferroelectric (FE) materials as
shown in Figure 9.3. From the energy landscape, we found paraelectric materials
having only one energy minima capacitance regions; therefore, they cannot be used
to obtain NC effect. But on the other hand FE materials have double well energy dia-
gram, and between two wells there is a region that shows negative capacitance. This
NC in FE can be obtained using phenomenological Landau free energy [11]. This
phenomenology is based on symmetry and provides a conceptual bridge between
the atomic models and the observed megascopic phenomenon. Therefore, it assumes
averaging of local fluctuations, and due to this, it is appropriate for long-range inter-
actions as in ferroelectronics.

According to this, the Gibbs free energy density (U) of the FE layer can be
expressed in the powers of polarization (P) in the vicinity of a phase transition as:

U= oat;P* + Bt,P* +yt,P°~V,P 9.3)

Here a, f, and y are constants (Landau parameters), which are material-dependent,
and 7, is the thickness of ferroelectric film. § can be both positive and negative
depending upon phase transition. For a second phase transition, it is positive while
for the first transition, it is negative. y is always a positive quantity. « is a temperature-
dependent term while others are temperature-independent; therefore, a is defined as,

o=ay(T-T) 04
where a, is positive, T is the temperature, and 7, is the Curie temperature. FEs
behave in the negative capacitance region for a negative value of a only. For this, the

temperature is always less than the Curie temperature so that its energy landscape
remains in double well energy form as shown in Figure 9.4.
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FIGURE 9.3 Energy landscape for paraelectric and FE materials.
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This spontaneous polarization (P) for the FE materials can be taken as Q (charge).
Voltage across the FE layer can be obtained by taking the derivative of this Gibbs
free energy. This Q—V curve is related to the P-V curve of the FE material. By tak-
ing the derivative of this Q with the voltage, we can obtain capacitance across the
FE layer.

Nevertheless, NC effect is only present in a metastable state of the Landau free
energy with negative curvature. But it is not stable itself in FE capacitor. To obtain
this NC with a stable state, a paraelectric capacitor is connected in series with a FE
capacitor so that the total free energy of the system has a minima in the negative
capacitance regime of the FE as shown in Figure 9.5.
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9.2.1 NEeGATIVE CAPACITANCE FETSs FOR STEEP SUBTHRESHOLD SLOPE

NC reduces the SS and makes the device energy-efficient. To understand this, we will
consider the transistor as a series combination of the capacitances as in Figure 9.6.
One is the gate capacitance

(C,,) and the other semiconductor capacitance (C,). Both C,, and C, are positive;
hence, the equivalent capacitance of FET will be smaller than both the individual
capacitances. On the other hand, when C,, is taken as negative, the equivalent capaci-
tance would be greater than C,, when C,. > C,.

This increase in resultant capacitance reduces the power supply voltage of the
device. As the value of the resultant capacitance increases, the voltage will be
reduced for generating the same amount of charge Q across C,, and C,. The device
current takes the charge across the C,. Now the value of the voltage is reduced to
produce the same amount of current. Due to the NC effect, the surface potential (y,)
will be greater than the gate voltage (V,), and the derivative of y, with respect to Vg
will be greater than 1. This ddVigs ratio for conventional transistors is less than 1,
and we cannot go beyond the SS limit of 60 mv/decade. As ¢,,¥g*> 1, the minimum
value of voltage is reduced to below 60 mV. This can be better explained with the help
of SS. The region below which current saturates is defined as the subthreshold region,
and the SS defines the steepness of the curve, which implies how sharply the current
increases with voltage. The SS is defined as

-1
SS = dlogly 9.5)
dv,

where I, and V, are the drain current and gate voltage of the transistor, respectively.
This equation can also be written in terms of surface potential of the semiconductor

channel (yy).
dy, \( dlogl, \]'
dv, dy,
Vg VE
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FIGURE 9.6 Schematic diagram of bulk NCFET and its equivalent capacitance model.
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sented through internal voltage V,,,. (b) Describing regime of negative capacitance (NC) that
represents voltage enhancement. (c) Representative capacitance model for the NCFET. (d)
Steep SS using NC effect taken from reference [12].

[ I

There are two terms which define the SS. Firstis ‘m’ and the other is ‘n’. ‘n’ is deter-
mined by Boltzmann factor, and at room temperature, its value is 60 mV/decade. The
factor ‘m’ (Body factor) in NC, which is the ratio of change in surface potential and
gate voltage, is improved. This body factor can also be written in terms of capaci-
tance as given in equation (9.7).

m=|1+ & 9.7)

CD.X ’
For conventional transistors, it is greater than 1. But in NC, it is less than 1. Due to
this, SS is reduced to below 60 mV/decade as explained in Figure 9.7.

9.2.2 Device INTEGRATION FOR NCFET (MFMIS anD MFIS)

The NCFET is diagnosed by two structures: MFMIS and MFIS [13,14]. MFIS is metal
FE insulator semiconductor and MFMIS is metal ferroelectric metal insulator semi-
conductor as given in Figure 9.8. In MFMIS, there is an internal metal layer that is
present between gate oxide and the ferroelectric layer. This integration is mainly used
for the experimental presentation. Earlier, the MFMIS structure was mostly used. Due
to this integration, a NCFET is a series combination of two capacitors: one is across
MFM and other is MOSFET capacitance. Both can be independently designed and
fabricated. In MFMIS, the metallic layer averages out the nonuniformity across the
ferroelectric layer, which is due to the domain formation in the FE layer, and we get a
constant voltage across it, which is directly measurable for amplification purpose.

But when NCFET goes beyond the sub-20 nm gate length for the advanced CMOS
technologies, there is no area where the metal layer can be placed. Therefore, the
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MEFIS structure becomes a feasible choice as in Figure 9.9. Here, the FE material is
directly imposed over dielectric material. It overcomes the gate leakage effect over
stabilization of FE oxide with gate oxide. At a particular drain-to-source voltage
(V,,), there is difference of arrangement of polarization during domain formation
along with the channel direction. MFMIS has uniform potential over the channel
with the presence of the internal layer, whereas MFIS does not have uniform poten-
tial along the FE layer, and surface potential across the source region is amplified.
The simulation of both structures are carried out by considering the multidomain
array as a one-dimensional array. If there is no gate leakage in the MFMIS struc-
tures, then they are better in terms of subthreshold characteristics over MFIS.

9.2.3 CAPACITANCE MATCHING
NCFET is considered as the conventional MOSFET with an added amplifier as shown
in Figure 9.10. For this equivalent model, amplification factor (f) can be written as

‘/inl — CFE
Vg CFE + Cim

B=
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FIGURE 9.11 Charge density versus capacitance that describes capacitance matching of
the device [17].

It is considered that f is greater than 1 in the case of NCFET. To obtain a nonhys-
teresis condition along with > 1, there should be capacitance matching between the
MOSFET capacitance and ferroelectric capacitance as in Figure 9.11. The following
are conditions for operating in the NC region.

1. Value of the ferroelectric capacitance must be greater than MOSFET capac-
itance (series combination of MOSFET capacitance and oxide capacitance).

2. Ferroelectric capacitance value should be close to that of MOSFET capaci-
tance, and the total capacitance should be positive in the operation.

These two conditions can be obtained by either adjusting the value of MOSFET
capacitance or the FE capacitance [15,16]. MOSFET capacitance has a small value
of capacitance because of the low density of the space charge in the depletion layer.
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It can be improved by using different kinds of channel engineering. Ferroelectric
capacitance can be improved by adjusting the value of remnant polarization (P,)
and coercive field (E£,) because for capacitance matching, steeper SS is required. To
achieve this, value of P, should be small and E, should be large for obtaining a com-
pressed P-V curve. It can also be improved by the FE thickness because in integrated
NCFET, the area of ferroelectric capacitor is fixed according to the gate dimension.

9.3 EXPERIMENTAL EVIDENCE OF THE NCFET

There are many experimental works that show a negative capacitance effect. It is
divided into two parts. The first experimental evidence is through proof of concept.
It is examined by connecting the ferroelectric layer with the dielectric layer in series.
Second evidence is obtained through device implementation. In this, reduction in SS
is directly obtained using a FE layer in the gate. These above two attempts shows
static NC action. Static means when external voltage is applied across the ferroelec-
tric layer there is monotonic increase in P as V increases and the negative capacitance
region cannot be accessed. For assessing the NC region, transient analysis is to be
done. In this, direct measurement of voltage change across the FE layer is obtained
when external voltage is applied. For these types of experiments, the FE capacitor
should be isolated, and for this, the MFMIS approach is used.

9.3.1 Proor oF CONCEPT

NC was first observed by Bratkovsky and Levanyuk. They used experimental data on
ultrathin SrRuO,/BaTiO;/SrRuO; capacitors and replotted the hysteresis curve with
voltage across the ferroelectric layer. The curve obtained shows negative slope as
shown in Figure 9.12.

The external voltage applied across the ferroelectric capacitor is divided across
the ferroelectric layer and the metal FE interface capacitance, which arise due to the
finite length at interface.

SRO/BTO/SRO
401
[=5nm
—PE)
20|— P(E) SrRuO,
g BaTiO,
o 07
3 SrRuO,
o
—20- é‘. Substrate
—40 T T T T
-2,000 -1,000 0 1,000 2,000
E (kV/cm)

FIGURE 9.12 5 nm-thick epitaxial BaTiO, (BTO) capacitor with SrRuO; (SRO) electrodes
indicating the NC region with multidomain effects taken from reference [18].
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In Figure 9.12, black curves are between polarization and the external electric
field (E,)) while the red curve is between polarization and voltage across the FE layer
and shows the NC region. A high-quality 5 nm-thick epitaxial BaTiO; (BTO) capaci-
tor with StRuOj; (SRO) electrodes is used to obtain NC.

In 2011, Islam Khan, A. et al. compared the capacitance of a SrTiO, layer with
that of a Pb(Zr, Ti)O,/StTiO; bilayer and found that in a certain temperature range,
the bilayer had higher capacitance than the SrTiO; layer [17]. Similar capacitance
enhancements were later reported in BaTiO,/SrTiO; capacitors [19], (Ba, Sr)TiO,/
LaAlQO; superlattices [20], and BaTiO,/Al,0; capacitors [21].

To overcome the domain effects, simple single-domain study has been carried out.
Zubko, P. et al. explicitly found that PbTiO,/SrTiO; and Pb, sSr, sTiO,/StTiO; show
NC in multidomain structures. These multidomain structures are modeled as capaci-
tors in series and are complex owing to the strong electrostatic interactions between
the dielectric and FE layers [22].

9.3.2 DEvICE IMPLEMENTATION

Experiments to prove steep slope operation are performed using two approaches.
First is by taking the FE layer in the gate stack and the external connection of the FE
capacitor with FET. Organic poly(vinylidenefluoride trifluoroethylene) gate FEs and
perovskite PZT gates were explored for direct integrations. Although these oxides
can be directly matured on semiconductors, the adverse band adjustment and surface
states of metal and FE need a dielectric buffer layer. Hence, in the second approach,
this dielectric buffer layer is applied and the structure looks like MFIS and MFMIS.
In the last few years, we found FE properties in doped hafnium oxide. These materi-
als have excellent compatibility with the semiconductor processing technique and so
become the most favorite choice for NC devices.

Recently better experimental results have been obtained for 14 nm bulk FinFET
technology as shown in Figure 9.13. Results show better SS as compared to conven-
tional MOSFET [23]. There is also no reliable degradation present. Although further
characterization and optimization will be needed to verify the NC effect, this is a
great step toward manufacturable NCFET technology.

b Open symbool : PMOS  Closed symbols: NMOS
AT T T T ]

FIGURE 9.13 (a) Cross-sectional TEM image of an NC FinFET based on 14nm bulk
FinFET technology. (b) Measured Id-Vg curves of NCFET and reference MOSFET taken
from reference [23].
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9.3.3 TRrANSIENT NC

In transient analysis, voltage across the FE layer is directly measured during the
switching process. There are two ways by which we perform transient analysis. First
is using the MFMIS type of structure. In this, voltage at the intermediate node is
directly monitored during the change in the gate voltage. In this way, the NC region
is obtained in the hysteresis curve plotted between polarization and FE voltage.

Another method is to sweep the charge in place of the voltage. For this, a transient
system is considered in which a resistance is taken in series with the FE capacitance
as shown in Figure 9.14. From this resistance, current and charge can be regulated
and the voltage is obtained across FE capacitance. Charge is calculated by integrating
the current in the circuit, and then the graph between charge and voltage is plotted
as given in Figure 9.15. The S curve is not fully derived from this analysis, but some
part can be obtained to prove NC. There are many analyses that use this method, but
it remains controversial because a realistic model should include a domain-oriented
process to generate NC effects.

o
&

Series resistor R

2

Agilent 81150A
pulse function generator

FIGURE 9.14 (a) Experimental setup for transient analysis and (b) its equivalent capaci-
tance model taken from reference [24]

—0—-R=50kQ
—0-R=300kQ
0.5 S
—~~
N
£ 4 -
S
o
gt
Q. -osf -
e B y : ; :

Ve (V)

FIGURE 9.15 P-V curve obtained by transient analysis [24].
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9.4 ADVANTAGES AND APPLICATIONS

NCFET is a rising steep-SS device. With the discovery of HfO,-based ferroelectri-
cal materials, it becomes a most promising device. It has many advantages over the
conventional devices and other steep-SS devices. These are listed below.

9.4.1 ADVANTAGES

Conventional MOSFET uses the drift and diffusion current mechanism for the oper-
ation of the device. As scaling increases, many SCEs arise, and to overcome them,
other devices, like double-gate FET, junctionless FET (JLFET) [25-27], FinFET,
etc., were fabricated. But these were unable to reduce the power issue of the device
and therefore new devices like TFET, IMOSFET, NEMFET, etc., were fabricated
[28]. The transport phenomenon of these devices are different from that of conven-
tional devices such as TFET, IMOSFET, etc., and due to this, the analysis become
somewhat different and complex for these devices. There is a need for such devices
that have the same transport mechanism and also solve the power supply issue, and
NCFETs solve both of these.

Due to the same transport mechanism, they also have high ON current and improve
the 1,,/1, ratio. There is a symmetric operation between the source and drain for
this device. It is also a low-cost device because of its easy fabrication approach and
no complicated material requirement. Table 9.1 represents advantages of different
devices over the NCFET.

9.4.2 APPLICATIONS

NCFET is a device that can be combined with any baseline devices such as bulk
FET, FDSOI FET, JLFET, DGFET, FinFET, etc. and uses the advantage of these
baseline devices in application areas also. It has steep SS, better 1,,/I, ratio, over-
comes SCEs such as DIBL and V,, roll-off, has a higher noise margin(NM), and low

TABLE 9.1
Comparison of Different Devices Over NCFET
Tech. SS Ion |
Device (L) (mV/dec) (uA/pm) (A/um) Advantages Ref.
Conv. MOSFET  20nm 96 629 18x10°  — [29]
SOI FET 20nm 86 889 18x10=  Optimize power/ [29]
performance trade-offs
Multigate 20nm 77 870 18x 10  Reduce SCEs [29]
MOSFET

JLFET 1 um 150 100 50.0x 10-¢ Easy fabrication [30]
TFET 13nm 60 10.0 1.0 x10°  Used as a biosensor [31]

NCFET 100nm 57-59 852.0 x10-9 Low-power devices [15]
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TABLE 9.2
Application Area of NCFET
Application Area Specifications Ref.
Resistive load inverter NM,;=0.584, NM, =.0551 (32]
Power dissipation up to 24.6% compared to simple MOSFET-based
inverters
Schmitt trigger inverter  V,ys=0.0743, Vow=0.272, V,igh=0.332 [34]
Only two NCFETs required for Schmitt trigger
Latch comparator In the case of NCFET-based circuits, speed increases due to [36]
formation of another positive feedback
Gates using NCFET Power delay product (PDP) of NCFET-based gates =29/microWps [37]
(NAND, NOR) PDP for simple MOSFET-based gates =38/microWps
NCFET-based flipflops Vary drain and body biasing voltage to set the hysteresis region [38]

power dissipation; therefore, it can be used in digital applications such as resistive
load inverter [32], ring oscillators [33], etc.

It overcomes the drain-induced barrier lowering (DIBL) effect and generates
drain-induced barrier rising (DIBR) in place of it. This DIBR produces an effect
of negative differential resistance, which can be used in analog fields [34]. Here, in
Table 9.2, there are some applications that use the concept of benefits and are found
to be more advantageous over baseline devices.

9.5 RECENT RESEARCH IN NCFET-RELATED FE MATERIALS

FE materials were first discovered by J. Valasek in 1921 by working on the Rochelle
salt 39. There was little or no use of these materials in applications, but in 1943 with
the discovery of barium titanate (BaTiO,), their use increased in the field of making
capacitors for the electronics need. Before 1960, the main challenge in the FE mate-
rial was related with its modeling for operation purpose. We needed some new novel

FE material that could be integrated with silicon-integrated circuits [35].

After 1960, with the development of the FE thin films, a new way was found for
integrating this type of materials in electronic components. The main property of
polarization reversal in FEs is used in the electronic industry. FE materials have a
hysteresis curve when between polarization (P) and coercive field (Ec) or voltage are
plotted. In this curve, after a particular value of Ec, the polarization curve reverses.
There are many fields wherever these FE materials are used, such as in memory
applications, digital application fields, FE transistors (make them steep slope), sub-
strate film interface, etc. FE are those materials that have a permanent dipole moment
and spontaneous polarization (due to the atomic arrangement of ions in the crystal
structure). When an electric field is applied in FE materials, then stable states of this
material are obtained, as shown in Figure 9.3, having different energy levels due
to polarization energy and wells tilted with the applied electric field. Polarization
does not change immediately because there are many domains in the FE materials
and time is taken to overcome them; in this way, a hysteresis curve is obtained. FE
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materials are explained with the help of Landau Ginzburg Devonshire theory (L-K)
as explained in Section 9.2. The basis of negative capacitance is the presence of FE
material. As the demand of device miniaturization is increased, the demand of thin
films is inflated. There are various materials and deposition techniques that provide
thin FE films such as ceramics, liquid crystals, and polymers. In liquid crystals, the
crystal lattice has unit cells that contains = atoms and ions [39]. In polymers, the
unit cell contains macro-molecules that form the lower symmetry [40]. Most studied
and useful FE material perovskite structure materials Pb(Zr, Ti)O; (PZT), BaTiO,
(BTO), and SBT, were obtained after some time. These thin-film materials are used
in areas such as FE random access memories (FERAM).

PZT (lead zirconate titanate) has poor FE properties but is better in terms of high
spontaneous polarization, low leakage, and high retention time. But PZT does not
have a CMOS-compatible fabrication process due to which the interface between FE
and the silicon substrate is incompatible in most of the cases. Another issue related
with PZT is the scaling of this material. It cannot be scaled down below the 130 nm
technology; therefore, there is a need for such types of FE materials that can over-
come these issues and are compatible with CMOS technology [41].

9.5.1 NCFET witH Dorep HFO,

The discovery of doped high-K oxides such as HfO, has created a new path for
CMOS-compatible FE devices. There are many advantages of using these, such as
obtaining ferroelectricity in thin films up to 10nm without any leakage current [42].
The coercive field in the doped HfO, is high; therefore, a large window is avail-
able for memory application even for very thin films. It is thermally stable in the
600°C-1,000°C range. NC is found in this also by transient analysis as shown in
Figure 9.16a. With the discovery of FE-HfO,, NCFET becomes a promising candi-
date in the field of steep-SS devices. It has a high 1,,/I ;ratio, is CMOS-compatible,
and has the same current mechanism as that in conventional MOSFET.
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FIGURE 9.16 (a) P-V curve obtained by transient analysis for FE-HfO, taken from refer-
ence [43]. (b) Simulated NCFET curve using FE-HfO, between E, and P, taken from refer-
ence [44].
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There are many analyses that show the superiority of NCFET when using HfO,
material, as shown in Figure 9.16b, which is a contour plot in terms of remnant polar-
ization and coercive field and shows a higher 1,,/I,;, ratio than conventional FETs.
Post 2015, many experimental papers presented steeper SS in NCFET with FE-HfO,.

9.6 CHALLENGES IN NCFET DESIGN

NCFET is a good candidate in the field of steep-SS devices. But there are many
issues related to its manufacturing in order to make it comparable with CMOS tech-
nologies. These are capacitance matching, reliability, SCEs, irregularity, operation
speed, multidomain effect, and transient analysis.

9.6.1 CAPACITANCE MATCHING

An important feature of NCFET is the presence of negative capacitance using FE
materials and the operation depends upon perfect capacitance matching. To maxi-
mize the voltage amplification phenomenon, the FE capacitance should be as nega-
tive as possible. To achieve this, we have to reduce the temperature at which the
multidomain state appears and bring it close to the temperature at which the mono-
state domain state appears. This depends upon the domain wall mobility and the
polarization property of the FE material [45]. Another factor that effects NC is the
larger domain wall in FE in comparison to the size of the domain. Therefore, there
is the need of controlling the properties and structure of the FE materials to enhance
the NC. The interface between the FE layer and the dielectric layer also plays an
important role in capacitance matching. When the FE layer is placed over the DE
layer there may be chemical effects such as polar instabilities [46]. Effects generated
through it can produce other possibilities to tune the NC.

9.6.2 RELIABILITY

There is an inbuilt challenge of reliability in the FE materials itself due to the auto-
matic motion of ions, which degrades the characteristics such as imprint and fatigue
[47]. This characteristic degradation does not affect memory application too much,
but logic applications are affected due to the high endurance level. Endurance level
for memory is defined as approximately 10*~10° when using FE-HfO, materials [48].
This endurance level is too high for use in logic applications. The recent material
HfO, used as FE material has an inherent property of oxygen vacancy, and ferro-
electricity is generated from the anions of the oxygen. Therefore, overcoming these
effects at the manufacturable level is the main challenge for its reliability.

9.6.3 SHORT-CHANNEL EFFECTS

When the device is scaled down, SCEs came into play. NC affects the scaled devices
because capacitance matching becomes complex due to the presence of parasitic
capacitances and other coupling capacitances. But this complex matching is good for
NCFET because due to this, we obtained steep SS even at a small gate length. These
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parasitic capacitances have larger values than the substrate capacitances; therefore,
their effect improves capacitance matching. SCEs such as DIBL and V,, roll-off in
conventional MOSFET become DIBR and V,, roll-up in NCFET. In the subthresh-
old region for the same surface potential, fewer charges are generated across the FE
layer. Due to this, voltage across the FE layer decreases as the gate length decreases.
In this way, coupling capacitance across the drain increases and we obtain negative
DIBL or DIBR. This DIBR supports negative differential resistance (NDR). Hence,
SCEs improve; however, if they keep increasing, then the circuit design has to be
reconsidered.

9.6.4 IRREGULARITY

Steep-SS devices are susceptible to process variations. Due to the process variation
in NCFET, a small change in threshold voltage results in a large variation in SS and
off currents (leakage current) as compared to conventional MOSFETSs. This is due
to the presence of the FE material, which has a polycrystalline structure. This poly-
crystalline structure produces fluctuations in the placement of the ions. But some
studies show that the NC phenomenon reduces the process variability in the FET
structure such as FinFET [49]. In NCFET, surface potential is amplified when gate
voltage is applied. But if the surface potential varies due to the process variation
generated through FE materials, then there is a challenge in obtaining amplification
in voltage.

9.6.5 Speep oF NCFET

From the concept of NCFET, energy-efficient switching is possible. But in FE mate-
rials, ferroelectricity is generated through domain formation and displacement of
ions, which restrict the frequency range up to the microwave frequency. The speed
of NCFET is limited due to the polarization present in FE materials. To overcome it,
dynamic analysis of NCFET should be done to predict the performance of NCFET.
This can be done using L-K equations in a dynamic mode as given below:

dp __dG
dt dP

where p is resistivity during switching and helps in finding the dynamic response of
the FE materials. G is energy density as given in equation (9.3). p can be calculated
using the transient analysis as given in Section 9.3. Multidomain effects can also be
introduced by considering domain interaction energy. Studies shows that in NCFET,
the operating frequency is obtained for less than 10 MHz, which is suitable only for
low-speed devices. Some experimental studies also show hysteresis at a higher gate
voltage sweep, which also satisfied the dynamic model of L-k [50]. p needs to be
small for use in high-speed applications, and for this, the size of the sample taken
for transient analysis should be in the micron range. There is a challenge of accu-
rately characterizing a higher-frequency response of polarization and extract intrin-
sic dynamic parameters to estimate the operation speed of the NCFET.
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9.6.6 MuLTIDOMAIN EFFECT

In FE materials, multidomains are present, but the analysis of NCFET is done by
considering a single domain using the Landau free energy model. According to
this model, NC is only present when there is strong interaction in different walls
of domains so that they can be considered as the single domain. Through this, all
characteristics of NCFET, like steep SS, DIBR, high on-to-off-current ratio, etc., are
obtained. Nevertheless, it is natural that multidomains and antiparallel configuration
are present in FE materials, and according to the physics of FE materials, multido-
mains should be considered for practical purposes.

9.6.7 TRANSIENT ANALYSIS

NC is also obtained by transient analysis other than examining the S curve present
in the P-V curve. Therefore, there is a need for a physical model other than the L-K
model for the transient NC effect. Transient effect is also experimentally studied as
defined in Section 9.3. There is a window where steep SS is obtained in transient
analysis. There are two mechanisms that limit this window. First, when the sweep-
ing time is very fast and polarization switching is unable to follow it, then there is
no steep SS obtained in the sweeping time of gate voltage. Second, when switching
time is slow, then free charge carriers are obstructed through polarization charges
and no steep SS is obtained. But when both sweeping time and polarization switch-
ing time are comparable, then steep SS is obtained due to partial screening of the
polarization charges. There are two models that are used for transient analysis. One
is a time-dependent nonlinear capacitor and resistor model [51] and the other is a
polarization switching delay model [52]. Both these models provide inappropriate
quasistatic parameters for the Id—Vg test for fast-speed NCFET; therefore, there is a
need for new test methods or models to estimate steep SS.

9.7 CONCLUSIONS

Negative capacitance has been experimentally seen in FE thin films, paving the way
for revolutionary device technologies. NCFET is a symmetric device in terms of
source and drain operation, which is advantageous in the development and manu-
facture of novel device technologies. Although NCFET is a good contender for a
steep slope transistor, process integration has proven to be a challenge. Conventional
FE materials including lead zirconate titanate (PZT) and barium titanate (BTO) as
gate insulator materials must be a few hundreds of nanometers thick in order to bal-
ance the high polarization charge density and FET channel charge density, which
is incompatible with advanced scaled CMOS front-end technologies. Furthermore,
heavy metal contamination of the manufacturing line is a risk. Because NCFET
may be made by any CMOS technology, from the most sophisticated to established
fabrication methods, it can be one of the low-cost solutions for IoT power require-
ments without focusing on high-cost advance modern-day CMOS technologies. In
this chapter, we discussed the need for NCFET over other types of FETs. After the
basics of NCFET and its integration, its working principal are discussed in detail.
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Capacitance matching, which is the main condition, of NCFET is discussed in detail.
Experimental evidences of NCFET are also considered to be proof of concept and
are on a transient basis. Advantages and applications area of NCFET are discussed
over other FETs. The NC effect can be an effective performance booster at a low cost
with the use of FE-HfO,. Feasibility of NCFET is proved by the demonstration of
14nm NC FinFET. Challenges regarding NCFET such as capacitance matching, reli-
ability, SCEs, irregularity, operation speed, multidomain effect, and transient analy-
sis are discussed here. For NCFET to become a manufacturable transistor solution to
extend CMOS scaling, further research and development will be needed to address
and tackle the challenges.
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10.1 INTRODUCTION

In recent years, the IT market has been at the very important turning point. As fifth-
generation (5G) technology has been gradually expanded, the demand for big data
market has been gradually increased, and new mobile electronic devices such as
Apple watches and Samsung Galaxy watches have become popular. Accordingly,
memory devices are required to have (1) high data storage capacity and (2) low-power
operation. In order to increase the data storage capacity, various new materials have
been studied as charge trapping materials (CTMs) for storing information [1-4]. For
low power consumption, the method of lowering the equivalent oxide thickness (EOT)
has continuously contributed to lowering power consumption [5—7]. Specifically, new
methodologies for designing memory devices have been broadly researched with
high permittivity materials such as hafnium oxide (HfO,), aluminum oxide (Al,O;,
also known as alumina), nanolaminated hafnium-aluminum-oxide (HfAlO), and zir-
conium oxide (ZrO,) [8-10].

In the present chapter, we address what kinds of performances are required as
next-generation memory technology and what research has been conducted to achieve
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each performance. In addition, more importantly, trade-off issues in designing next-
generation memory devices are also carefully and abundantly covered. After that,
this chapter is concluded by discussing the remaining tasks and challenges that have
to be solved.

This section is organized as follows. First, the needs for low-voltage and -sub-
threshold swing (SS) are introduced, and then the roadmap for future memory tech-
nology is addressed. Thereafter, the overall workflow of the study is briefly described
with a visual flowchart for an intuitive and better understanding. Then, the optimiza-
tion methodology for memory device is covered with stack-engineering and utiliza-
tion of low-power FET (especially, tunnel FET). Finally, the remaining tasks and
challenges are addressed from various perspectives. In all sections of this chapter,
parentheses provide reader-friendly explanations.

10.1.1  NEeep FOR Low-PowErR AND LOW-SUBTHRESHOLD SWING

In transistors (e.g., MOSFETSs), their performance is generally evaluated by ‘how well
current is controlled by input gate voltage’, which can be expressed as the inverse
subthreshold slope or SS given by

-1
SS:(GIOg(IDS)) , 6.1)

G Vs

where Vi is a potential difference between gate and source, and I¢ is the drain
current [11]. It is desirable to lower SS as much as possible, since a lower SS gener-
ally leads to lower power consumption. Lower SS means there is a steep switching
between on-state and off-state, and hence a lower on voltage (V,,) and low-power
operation can be simultaneously achieved. SS at room temperature can be expressed
as follows:

SS=60*(1+ C‘P) [mV / dec], 6.2)

ox

where C,,, is the depletion-layer capacitance and C,,, is the gate dielectric capacitance
[11]. Therefore, SS has a lower limit of 60 mV/decade at room temperature, and it is
desirable to lower C,, by reducing EOT, which is given by,

EOT:Zl Physical thickness x — 3.9 & - , (6.3
n=1 permittivity of each material

where ¢, is vacuum permittivity and i* is the number of gate dielectric layers [12].
Unlike logic devices, memory devices have bigger ‘i° value in equation (6.3) because
they have many gate dielectric stacks with tunneling oxide layer, charge trapping layer
(CTL), and blocking oxide layer. That is to say, the memory device inevitably has a
bigger EOT value due to its intrinsic structure with a high * value in equation (6.3).
Therefore, the realization of low-power operation strongly depends on how well EOT
is reduced by increasing permittivity of gate dielectric layers. Historically, the structure
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of memory cell has been continuously changed by reducing EOT [13,14]. In designing
next-generation semiconductor devices, this tendency will remain unchanged.

10.1.2 RoaADMAP FOR FUTURE MEMORY TECHNOLOGY
WITH Low-PowER OPERATION

The projected roadmap for future memory technology is illustrated in Figure 10.1.
Traditionally, the SONOS structure has been broadly adopted after it was first devel-
oped by P. C. Y. Chen of Fairchild Camera and Instrument in 1977 [15]. This struc-
ture became the dominant cell design of charge trap flash (CTF) memory application,
and it had been utilized for electrically erasable programmable read-only memory
(EEPROM), flash memory, and thin-film-transistor (TFT) liquid-crystal display
(LCD) displays [16]. Especially, semiconductor corporation of Toshiba, Macronix,
United Microelectronics Corporation (also known as UMC), Floadia Corporation,
and Cypress Semiconductor have offered various SONOS-based products [17].

3 g SN,
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} - i . } >
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FIGURE 10.1 The projected roadmap for future memory technology. The terms SONOS,
TANOS, and TAHOS are abbreviations for the following: SONOS: Si-SiO,-Si;N,-SiO,-Si,
TANOS: TaN(or TiN)-Al,05-Si;N,-SiO,-Si, and TAHOS: TaN(or TiN)-Al,0;-HfO,-SiO,-Si.
The symbolized terms of TaN (tantalum nitride), Si;N, (silicon nitride), Si (silicon), S (source),
D (drain), M (metal), PGM (programming), ERS (erasing), and TFET (tunnel FET) are used
for better readability.
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Later, the memory market required faster operation of memory cell: fast program-
ming, fast erasing, and fast read operation. In addition, low-power consumption was
also required as the mobile phone market expanded. According to this technological
demand, the memory cell structure had been consistently required to reduce EOT.
Consequently, the novel memory cell structure of TANOS was developed for faster
programming/erasing/read operation [18-20]. This TANOS structure also had the
virtue of reducing power consumption achieved by reduced EOT [18-20].

However, even though this TANOS structure successfully demonstrated the
improvement of operation speed and reduced power consumption, quality issues
inevitably and concomitantly arise due to Al,O,. Compared to conventional blocking
oxide (SiO,) in SONOS, the blocking oxide (Al,0O5) in TANOS has lower bandgap
and greater trap density [21-25]. From the lower bandgap, the increased electron tun-
neling resulted in degeneration of oxide quality [26]. Moreover, from the greater trap
density, the increased electron trap is generated, and oxide quality of Al,Oj; is also
deteriorated [27]. Fortunately, these issues have been alleviated as fabrication equip-
ment has developed, and this TANOS structure has become one of the dominant cell
structures in modern memory technology.

Then, recently, as the demand for big data market has steadily increased, the
methods of increasing data storage capacity are widely investigated [28—31]. Simply
reducing the size of memory cell has been the most broadly discussed one because
memory capacity could be increased without replacing the existing fabrication
equipment. Namely, it has been possible to greatly increase the data storage capacity
without a significant cost increase because the size of the memory device naturally
decreases as extreme ultraviolet lithography (EUV) equipment is developed.

However, there is a physical limit to the scaling of memory devices. If the size of
the memory cell becomes too small, normal operation becomes impossible due to
the short-channel effects (SCEs). Therefore, a new method other than the existing
scaling method is needed to increase the memory storage capacity. As a solution,
using another material as CTL is suggested for the next-generation memory devices.
Since HfO, has four times trap density compared to conventional CTL of Si;N,, HfO,
CTL is possible to store four times the number of electrons compared to conventional
Si;N, CTL [32,33]. Namely, it might be possible to store four times information by
utilizing HfO, as CTL. Surprisingly, since HfO, has significantly higher permittiv-
ity compared to Si;N,, the use of HfO, as CTL could also enable fast programming/
erasing/read operation and low-power operation at the same time.

Therefore luckily, this TAHOS structure (which uses HfO, as CTL) arises as a viable
solution for increasing data storage, and extensive research has been conducted for real-
ization of the TAHOS structure. However, from various studies, it was found that one
problem still remains, namely, retention problem [34-36]. Since HfO, has unstable trap
distribution (namely, shallow trap), the retention of TAHOS becomes naturally poor.
Namely, when we use a normal TAHOS structure, the memory cell cannot store the
information (electron) for longer than 1 year. Considering the convention that we need
to guarantee at least 10years of stable operation in memory device, this basic TAHOS
structure is hard to be commercially realized for the next-generation memory design.

Fortunately, previous researchers have successfully demonstrated the method of
improving retention characteristics and guaranteeing high performance simultaneously.
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Song et al. have demonstrated that the TAHOS structure can guarantee 10years of
stable operation by applying tunneling oxide engineering [37,38]. They also demon-
strated that the TAHOS structure could lower power consumption by adopting low-
power FETs, namely, tunnel FETs (TFETs) [37,38]. The detailed explanation of these
state-of-art design methodologies will be addressed later in Sections 10.3.2 and 10.4.3.

10.1.3 WORKFLOW AND SCOPE

The workflow of this chapter is briefly shown in Figure 10.2 for a better understand-
ing. In Section 10.2, the basic concept of memory devices including operation prin-
ciple will be addressed. The physical principle of programming, erasing, and reading
operation will be explained. Then, the main design object (design goal) in design-
ing memory device will be described in terms of ‘3Ls: low power, large memory
margin, and long retention’. In Sections 10.3 and 10.4, the optimization method
will be addressed by gate stack optimization and doping optimization. Finally, in
Sections 10.4 and 10.5, the design of future memory using low-power FET (TFET)
and expected challenges will be addressed.

Operation Principles

ch. 6.2 in Memory Devices
(Program, Erase, Read)

) 4

Main Design Object — ‘31
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FIGURE 10.2 Illustration of workflow for a fast and better understanding.
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10.2 NONVOLATILE MEMORY DEVICES (FLASH MEMORY)

10.2.1 Basic STRUCTURE OF NONVOLATILE MEMORY DEVICES

As mentioned previously in Section 10.1, the structure of memory cell has basically
evolved from SONOS to TANOS, then to TAHOS. Interestingly, the names SONOS,
TANOS, and TAHOS have something in common. They are common five-letter
words. Even though the used materials in memory cell have changed over time, the
memory cells are basically based on this five-layer structure. Let us take a look at
what each of these five layers do.

The first letter of the names SONOS, TANOS, and TAHOS is the gate material
where an external input voltage is applied. In some cases, doped silicon (usually
doped by more than 10'%/cm?) is used as this gate material, and in other cases, metal
is used. Traditionally, doped silicon was used as the gate material; however, a high-k
gate dielectric material with higher permittivity than that of SiO, was required to be
used for lower EOT. However, in the case of most high-x materials, doped silicon can-
not be deposited on it for fabrication reasons. Specifically, if doped silicon is deposited
on a high-x insulator, the fabrication equipment that deposits doped silicon is con-
taminated by the high-k material. Therefore, it is difficult to deposit the doped silicon
on the top of the high-k material, and only metal material can be deposited on it. As a
result, metal gate has been adopted in TANOS and TAHOS technology.

The last letter ‘S (silicon)” of the names SONOS, TANOS and TAHOS is the chan-
nel material where the current mainly flows. The principle of current-flow in the chan-
nel region is equally applied to the memory devices as in the logic devices.

The middle letters ‘N (Si;N,)’ and ‘H (HfO,)’ are CTL, which stores electric charges.
This middle layer is very important since it determines the information storage. When
a very high voltage (e.g. 20V) is applied to the gate, electrons in the channel region
pass through SiO, and become finally trapped in this CTL. Usually, the electron is
trapped by concentration of more than 10'%/cm? after programming. When the infor-
mation is stored (electron is trapped in CTL), the O state and 1 state are distinguished
by whether there are electrons in the CTL or not. This process is called ‘read opera-
tion’, and this will be addressed later in Section 10.2.3.

The second letter ‘O (SiO,)’ is a tunneling layer (also known as tunneling oxide)
that fills between channel and CTL. This tunneling layer acts as a path for electrons
to travel during programming. On the other hand, after programming, this layer acts
as a blocker that prevents emission of trapped electrons in the CTL. Normally, the
tunneling layer is composed of 3nm SiO,.

Finally, the fourth letter ‘S (SiO,) and ‘A (Al,05)’ is the blocking layer (also
known as blocking oxide) that fills between CTL and gate material. This layer acts as
a blocker that prevents trapped electrons in the CTL from passing to gate. Normally,
the blocking layer is composed of insulator with a thickness of more than 6 nm.

Table 10.1 shows a brief summary. In essence, the memory cell consists of a total
of five layers and can be summarized as a structure with CTL that stores information
between gate and channel.
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TABLE 10.1
Structure of SONOS, TANOS, TAHOS Memory Cell, and the Corresponding
Materials in Each Layer

SONOS
(Conventional) TANOS (Present) TAHOS (Future)
Gate S T T
Blocking layer (= Blocking oxide) O A A
CTL N N H
Tunneling layer (= Tunneling O (6] (6]
oxide)
Channel S S S

The symbolized terms of S (Silicon), O (Si0,), N (Si;N,), T (tantalum nitride or titanium nitride), A
(AL,0;), and H (HfO,) are used.

TABLE 10.2
Two Representative Methods for Programming: Fowler Nordheim
(FN) Tunneling and Hot-Carrier Injection (HCI)

FN Tunneling HCI
Viate 16~20V 3~6V
Vbrain ov 3~6V
Uniformity of trapped charge Uniform Concentrated on the drain side
distribution (after
programming)
Speed Fast (1~100 ps) Slow (0.1~10 ms)
Total power consumption Low (10-"'~10®* W) High (10°~103 W)

10.2.2 PHysicaL PriNcIPLES: PROGRAM/ERASE OPERATION

Based on the structure of memory cell described in the previous section, how the
program/erase operation works will be explained in this section.

As shown in Table 10.2, there are two main ways of programming operation.
Fowler Nordheim (FN) tunneling and hot-carrier injection (HCI) are the most com-
mon programming methods, and they have different characteristics.

In the case of FN tunneling, a very high voltage of 16V or higher is applied to
gate. Then, the energy band becomes sharp, especially in the upper part of the energy
band diagram of tunneling oxide as shown in Figure 10.3. As a result, electron tun-
neling takes place and electrons move from channel to CTL. At this time, electrons
are trapped uniformly throughout the CTL, since tunneling occurs in all areas of
the tunneling oxide with high potential. Namely, the result of FN tunneling is the
uniform distribution of trapped electrons in CTL.

On the other hand, in the case of HCI, 3—6V is applied to the gate and drain. The
differentiated characteristic of the HCI method is that a very high voltage is applied
to the drain. This high drain voltage creates a fairly high electric field (E-field) in



Memory Designing Using Low Power FETs 205

FN tunneling

S ege

e

Si

e

Si0, h*
.5
Gate

.
hh T

o)

FIGURE 10.3 Energy band during program operation. The overall conduction band of gate
stack becomes sharper, and electron moves through various tunneling mechanisms. As a
result, many electrons are trapped in the charge trap layer.

the channel between source and drain. Thus, electrons moving through the channel
are accelerated, and at some point, they reach their maximum speed (this is called
‘velocity saturation’). After reaching the maximum speed, the total energy of elec-
tron continues to increase due to the E-field, resulting in electron—hole pairs. This
generated electron is called hot electron, and this generated hole is called hot hole.
Among the large number of hot electrons and hot holes created here, hot electrons
are injected into the CTL region that has a relatively high potential compared to the
channel region. These successive processes are called HCI.

In HCI, a very high voltage is applied to the drain, and a fairly high current
(usually more than 100 pA) flows between the source and drain, which consumes
very high power. This is a remarkable disadvantage of HCI. In addition, in the
HCI method, electron is intensively trapped in the drain side of the CTL (namely,
the uniformity of trapped charge distribution is poor), since many electron—hole
pairs are generally formed in the channel region near the drain. However, despite
these disadvantages, the HCI method is broadly utilized in certain memory designs
because it has an advantage in the ‘process of connecting thousands of memory
cells into circuit (= array design)’. In this book, we will not address the array
design in detail, since this book mainly focuses on semiconductor and memory
devices. Readers who want to know more about array design, kindly refer to the
book Silicon Based Unified Memory Devices and Technology (CRC Press) written
by A. Bhattacharyya [39].

So far, we have dealt with the programming operation. In summary, there are
two main methods of programming memory devices, FN tunneling and HCI. Even
though the input voltage used in these two methods are different and the physical
principle of programming is different, the result is the same as the injection of elec-
trons into CTL. Namely, to put it simply, the program operation could be understood
as ‘the process of moving electrons from the channel to the CTL".
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FIGURE 10.4 Energy band during erase operation. The overall valance band of gate stack
becomes sharper, and hole moves through various tunneling mechanisms. Consequently,
many holes are trapped in the charge trap layer.

Then, on the contrary, what about the erase operation? Considering the process
of programming in reverse, the process of erasing could be inferred. In other words,
erase operation could be understood as ‘the process of moving electrons from the CTL
to the channel’. Specifically, about —18 to —23V is applied to the gate during erase
operation. Then, the energy band of the tunneling layer becomes sharp, and electrons
move from CTL to the channel, as illustrated in Figure 10.4. Namely, when a very low
voltage is applied to the gate, the energy band changes due to the potential difference,
and electrons move from the CTL to the channel. After the electrons exit the CTL
into the channel, there are now significant holes in the CTL. This is because the hole
moves in the opposite direction to the electron in the given electrical condition.

In summary, the program operation and erase operation could be identified by
whether electrons or holes are consequently trapped in the CTL. If a significant num-
ber of electrons remain at the CTL of a certain cell, then the program operation
might be previously held. On the other hand, if a significant number of holes remain
at the CTL of a certain cell, the erase operation might be previously held in that cell.

10.2.3 PHysicAL PrRiNcIPLES: READ OPERATION

Then, how can we electrically distinguish the programmed cell from the erased cell?
The method is simple. They can be distinguished by operating memory devices
such as MOSFETs, as shown in Figure 10.5. For example, they can be distinguished
by applying 1V to the gate and drain. In the case of a programmed cell (= a cell
with electron in the CTL), the trapped electron in the CTL will prevent the channel
region from forming an inversion layer. In other words, in the programmed cell, the
trapped electron in the CTL prevents the current from flowing in the channel region.
Eventually, a low current consequently flows in the programmed cell.
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FIGURE 10.5 Read operation in memory device. The read operation is usually performed
by applying a certain gate/source/drain voltage and comparing the amount of flowing current
with a certain value.
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FIGURE 10.6 [Illustration describing the process of read operation in memory device. After
the gate/source/drain voltage is applied, the amount of flowing current is compared to the
certain value. If the flowing current is greater, then the memory cell is recognized as ‘erased’.
On the other hand, if the flowing current is lower, then the memory cell is recognized as
‘programmed’.

On the other hand, if 1V is applied to the gate and drain of the erased memory
cell (= a cell with hole in the CTL), the trapped hole in the CTL will help the channel
to form an inversion layer. This is because the hole forms an E-field opposite to the
electron. Eventually, a high current consequently flows in the erased cell.

In summary, the programmed cell and the erased cell can be distinguished by
whether the current flows to a great extent or less when a certain voltage is applied to the
gate and drain, as shown in Figure 10.6. If low current flows, that cell is identified as the
programmed cell. On the contrary, if current flows to a great extent, that cell is identified
as an erased cell. In this way, the ‘read operation’ of the memory devices is performed.

10.2.4 MaAIN DesiGN Goal ‘3Ls": Low-PoweRr, LARGE
MEMORY MARGIN, AND LONG RETENTION

We covered the basic structure and operation principles of memory devices previ-
ously in Sections 10.2.1-10.2.3. Then, what goals shall we accomplish when design-
ing a memory device? First of all, it is obvious that power consumption should be
lowered in designing memory devices to reduce battery consumption and ensure a
longer use of the electronic device [40—-46].



208 Emerging Low-Power Semiconductor Devices

10° :
f— 8L
=z 10 S,
_:n L Memory mm‘gin
=] /
> ]0-10_ - //,/
= — After PGM
12 ) ) After ERS
1 -2 0 2 4 6
Ves [V]

FIGURE 10.7 Tllustration describing ‘memory margin (also known as memory window)’ in
memory device. The difference between threshold voltage of the programmed cell and that of
the erased cell is regarded as the memory margin.
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FIGURE 10.8 [Illustration explaining multilevel cell (MLC). In MLC, four states could be
separately identified. The fully programmed case could be treated as the 00-state, the slightly
programmed case could be treated as the Ol-state, the slightly erased case could be treated as
the 10-state, and the fully erased case could be treated as the 11-state.

Another design goal is to increase the storage capacity. In order to design a mem-
ory cell with high memory capacity, the concept of memory margin (also known as
memory window) is needed to be addressed first. Memory margin is the difference
between the threshold voltage of the programmed cell and that of the erased cell
(Figure 10.7).

The larger the difference between two threshold voltages , the more the informa-
tion stored. Specifically, if the difference in the threshold voltage is large (= memory
margin is large), the state of the memory device could be divided into four types.
For example, as illustrated in Figure 10.8, a fully programmed case could be treated
as the 00-state, the slightly programmed case could be treated as the Ol-state, the
slightly erased case could be treated as the 10-state, and the fully erased case could
be treated as the 11-state [47]. This is called multilevel cell (MLC). Unlike the tra-
ditional single-level cell (SLC) that has only two states, MLC has four states; there-
fore, the storage capacity of memory devices could be doubled [48]. Namely, another
important goal in designing a memory device is to increase the memory margin to
enable the implementation of memory device with a larger number of bits.
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Third, there is one more important goal in memory design. What if some memory
device has a tremendous amount of memory storage capacity but it can maintain
information for only 1year? Users of that electronic device will have to format the
electronic device every year. In other words, in designing a memory cell, its perfor-
mance of storage must be maintained for a certain period or longer. This is tech-
nically called ‘retention’ [49]. In general, when designing a memory device, the
retention characteristic should be guaranteed for at least 10 years [50-52].

It is clear that when designing a memory device, (1) low power consumption, (2)
large memory margin, and (3) long retention characteristic must be accomplished.
However, unfortunately, a trade-off issue between (2) large memory margin and (3)
long retention characteristic makes memory designer challenging. When a memory
device is technically designed to increase the memory margin, retention might be
adversely affected, and this makes memory design difficult. For example, if HfO,
is used as the CTL, the memory storage capacity could be theoretically increased
by four times, but the retention characteristic is usually guaranteed for only 1 year.
Then, the methodology to overcome this trade-off issue and improve both of them at
the same time will be specifically discussed in the following section.

10.3 GATE STACK OPTIMIZATION FOR LOW-POWER OPERATION
10.3.1  RetenTION Issue IN TAHOS STRUCTURE

In Section 10.1.2, the evolution of memory device has been addressed. It is explained
that SONOS has been developed extensively in the past, then TANOS is utilized for
its low-power and fast speed characteristics. For the next-generation memory device,
extensive research has been conducted using HfO, as CTL (namely, TAHOS struc-
ture) because HfO, has four times charge trap density compared to the conventional
CTL material Si;N, [32,33]. Therefore, it is expected to be able to store four times as
much information, and it might be possible to implement a triple-level cell (TLC) that
stores more information beyond MLC [53].

Surely, HfO, is a very promising material. Its dielectric constant is about three
times higher than the dielectric constant of Si;N,, and hence EOT and power con-
sumption could be decreased by adopting HfO, as CTL [54-59]. Moreover, this
decrease in EOT could also enable faster program/erase/read operation. In addition,
the charge trap density of HfO, is four times compared to that of conventional CTL
material (Si;N,), and much more information could be stored by applying HfO, as
CTL [32,33]. However, there are some intrinsic characteristics of HfO, that make it
difficult to commercialize HfO, CTL (TAHOS), which is the numerous shallow traps
in HfO, [60]. In other words, in the case of HfO,, the energy distribution of most
charge trap is poor. Specifically, electron charge trap is located near the conduction
band, and the hole charge trap is located near the valance band [60]. Therefore, the
trapped electron or trapped hole in HfO, cannot stay in CTL for a long time and is
easily emitted toward the channel. Namely, HfO, CTL has poor retention charac-
teristics because there are numerous shallow traps. Therefore, additional engineer-
ing has been required to commercialize the TAHOS structure for low power/large
memory storage capacity/long retention/fast operation speed.
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10.3.2 Apbvancep TAHOS Structure: TAHOAOS

The solution for the retention issue in the TAHOS structure could be found in the his-
tory of memory devices. Memory devices have historically evolved by changing the
material or the structure of the stack. Song et al. demonstrated the retention improve-
ment in the TAHOS structure by applying a special design method to the tunneling
layer [37,38]. The reason for applying engineering to the tunneling layer among five
layers is that electron-escape mainly occurs by direct tunneling through the thin tun-
neling layer (usually 3nm) compared to the thick blocking layer (usually 6-10nm).

Figure 10.9 shows the structure of the tunneling oxide-engineered (TE) TAHOS
structure [37,38]. In this TE-TAHOS (also called TAHOAOS), the three stacked lay-
ers of Si0,/A1,05/Si0, are used as tunneling oxide. From this specialized structure,
the physical thickness of the tunneling oxide can be increased while maintaining
the same EOT. For example, if a conventional tunneling layer of 3 nm-thick SiO, is
replaced by SiO,(1 nm)/Al,05(2.3 nm)/SiO,(1 nm), the total physical thickness of the
tunneling layer could be increased from 3 to 4.3nm [37,38]. Since direct tunneling
(which usually contributes most to the emission of trapped electrons) is exponentially
suppressed when the physical thickness of the tunneling layer becomes greater than
3 nm, the emission of electrons in the CTL could be significantly prevented by adopt-
ing the TAHOAOS structure [37,38].

As demonstrated in Figure 10.10, the retention characteristic could be remarkable
improved when the TAHOAOS (TE-TAHOS) structure is applied [37,38]. In spe-
cific, the retention characteristics is significantly improved from 0.57 to 4.57 V after
10years from programming and erasing [37,38]. Namely, through the TAHOAOS
structure, it is possible to design a memory device with (1) low power, (2) large mem-
ory margin, and (3) long retention at the same time. Furthermore, this TAHOAOS
technology has additional advantage that it does not require the introduction of

Modulated

Doped
Source

FIGURE 10.9 Schematic diagram of the TAHOAOS structure. In this TAHOAOS (also
known as TE-TAHOS) structure, the advanced stacks of SiO,/A1,0,/SiO, are adopted as the
tunneling layer. By doing so, the physical thickness of the tunneling layer could be increased,
whereas EOT of the tunneling layer is maintained. Consequently, the retention characteristic
could be significantly improved.
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FIGURE 10.10 Improvement in retention characteristic by utilizing the TAHOAOS struc-
ture. The retention characteristic is calculated for 10 years after programming/erasing through
Synopsys Sentaurus technology computer-aided design (TCAD) simulation.

additional fabrication equipment because the atomic layer deposition (ALD) equip-
ment that deposits Al,O, has been already used in TANOS technology.

10.4 DOPING OPTIMIZATION FOR LOW-POWER OPERATION

10.4.1 TunNEL FET For Low-Power MEMORY DEVICE

In the previous Section 10.3, we covered the optimization method with stack engi-
neering in memory design. In this section, another optimization method through
doping technique will be addressed.

Basically, it is obvious that the power consumption could be reduced by applying
the TAHOS or TAHOAOS structure. Interestingly, the power consumption could be
further reduced utilizing the doping technique in TFETs [61-65]. Figure 10.11 shows
that it is possible to significantly decrease the power consumption by utilizing the
TFET structure in memory design. Specifically, in the case of the on-state, power
consumption is expected to be reduced by about 100 times, and in the case of off-
state, power consumption is expected to be reduced by about 300 times. The reason
why the TFET structure flows less current compared to MOSFET was covered in the
previous chapters and many previous papers [66].
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FIGURE 10.11 Comparison of power consumption between MOSFET-based memory
and TFET-based memory. The TFET-based memory could significantly decrease the power
consumption.
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10.4.2 ApDITIONAL ADVANTAGE OF TFET: FAsT ERASE SPEED

Essentially, TFET has different types of doping in source and drain, unlike MOSFET.
TFET simultaneously has a p* doped region and an n* doped region, but this was not
a big advantage for logic design (other than low-power characteristic and low SS of
TFET). However, in memory devices, this special structure could act as a remarkable
advantage for program/erase speed [66].

In the case of programming, the channel must supply electrons to CTL, and in
the case of erasing, the channel must supply holes to CTL. However, there is a prob-
lem in one of the two when memory cell is designed from MOSFET. Specifically,
if MOSFET has a n*/p/n* structure, sufficient hole supply is not supplied during the
erase operation. On the other hand, if MOSFET has a p*/n/p* structure, sufficient
electron is not supplied during the program operation.

In contrast to MOSFET, TFET has an n* region and a p* region at the same time.
Therefore, sufficient electron supply is provided during program operation, and suf-
ficient hole supply is also provided during erase operation (Figure 10.12) [66]. As
demonstrated in Figure 10.13, the erase speed of TFET-based memory is 10,000

FIGURE 10.12 Illustration describing the additional advantage of the TFET-based memory
device. The TFET-based memory cell could simultaneously have a hole supply depot and an
electron supply depot.
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FIGURE 10.13 Comparison of program speed (left) and erase speed (right) between MOSFET-
based memory and TFEET-based memory.
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times faster than n-MOSFET-based memory, and the program speed of TFET-based
memory is three times slower than n-MOSFET-based memory [66]. The reason why
TFET-based memory has 10,000 times faster erase speed is that n-MOSFET-based
memory has no hole supply depot whereas the TFET-based memory has one [66].
The reason why TFET-based memory has three times slower program speed is that
n-MOSFET-based memory has an electron supply depot in both source and drain,
whereas TFET-based memory has an electron supply depot in only one [66]. As a
result, it could be said that the TFET-based memory device has an overall superior
program/erase speed performance compared to the MOSFET-based memory device.

10.4.3 TFET TAHOAOS

Combining these two methods of stack optimization and doping optimization, TFET
TAHOAOS structure could be designed [37,38]. This structure has the low-power
advantage of TFET and ‘3Ls: low power, large memory margin, and long retention’
advantage of TAHOAOS structure at the same time [37,38]. It is expected to be uti-
lized as a very decisive structure in designing next-generation low-power memory
devices, since the low-power goal could be realized from both the stack side and the
doping side. However, since three tunneling layers are used in the TFET TAHOAOQOS
structure, additional fabrication processes are required, and fabrication costs might
be consequently increased. Moreover, the complicated fabrication process might
cause some undesirable and unexpected issue. This will be specifically addressed in
the next Section 10.5.

10.5 EXPECTED CHALLENGES

10.5.1  ABrupT DOPING PROFILES

So far, we have addressed the design method for low-power consumption and
increased erase speed using TFET, which is one of the low-power FETs. In addition,
to ensure the reliability of the memory device, the design methodology for retention
improvement is addressed with stack engineering. The addressed design techniques
could simultaneously guarantee the performance and reliability of memory device;
however, there are some more issues to look at.

First of all, as when making a TFET logic device, an abrupt doping profile is
required when fabricating a TFET-based memory device [61-65]. If the memory
device is fabricated based on TFET, SS could be lowered and power consumption
could be also reduced through band-to-band tunneling (BTBT), but the formation
of an abrupt doping profile must be carried out. If a gradual doping profile rather
than an abrupt doping profile is formed, it might show a worse SS than that of the
MOSFET-based memory device, and the low-power characteristic might also be con-
sequently weakened.

Specifically, unlike the MOSFET-based device, the performance of TFET-based
devices has a much greater dependence on the doping profile because BTBT occurs
between a highly doped region (source or drain) and a lowly doped region (channel
region between source and drain) [61-65]. Therefore, in designing a TFET-based
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memory device, the main design purpose of ‘low-power operation’ could be well
achieved when an abrupt doping profile is formed.

10.5.2 INCREASED NUMBER OF PHOTOMASKS

In both nonmemory semiconductor industry and memory semiconductor industry,
the number of photomasks is a very decisive variable. Since the total manufacturing
cost is heavily dependent on the number of photomasks, it is desirable to reduce the
number of photomasks during fabrication.

Unfortunately, TFET-based devices usually use more photomasks than MOSFET-
based devices. Specifically, in the case of the MOSFET-based device, since source and
drain have the same doping type, the source and drain can be doped at the same time.
On the other hand, in the case of TFET-based devices, the source and drain cannot be
doped at the same time because source and drain have different doping types (techni-
cally speaking, MOSFET can be ‘self-aligned’ and TFET cannot be ‘self-aligned’).
Therefore, after doping at source (or drain), an additional series of the photolithogra-
phy process (photoresist (PR) coating — soft bake — alignment with another photo-
mask — light exposure — PR develop — hardbake) proceeds, and then doping at drain
(or source) is performed. Therefore, the fabrication cost might increase.

For this reason, in designing and fabricating TFET-based memory devices, it is
necessary to research how to optimize the total number of photomasks.

10.5.3 VARIABILITY

The third issue to be considered for the TFET-based memory device is related to the
issue of ‘increased number of photomasks’ in the previous section. In the case of
TFET-based memory devices, since more photo processes are performed, there is a
high probability of variability issue. In other words, as the number of process step
increases, variability problems among wafers might arise when the memory devices
are actually fabricated. Eventually, this leads to a device yield issue; therefore, it
is important to consider how to improve the variability in fabricating TFET-based
memory devices.

10.5.4 ARrrAY DEsIGN

In the case of memory devices, the integration of memory and the performance of
memory greatly depend on how the memory devices are connected in circuit. The
method of connecting memory cells for circuit is called ‘array design’, and there are
two main array designs in the memory industry: NAND array and NOR array [67,68].

Figure 10.14 schematically illustrates NAND array and NOR array. Each of these
two design techniques has advantages and disadvantages, respectively. As shown in
Table 10.3, NAND flash has advantages in terms of integration, memory capacity, erase
speed, write speed, and manufacturing cost [39]. However, when memory cells are con-
nected by the NAND flash design technique, there are disadvantages in terms of standby
power, reliability, read speed, and code execution [39]. On the other hand, in the case of
NOR flash, it has advantages of low standby power, high reliability, fast read speed, and
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FIGURE 10.14 Schematic diagram of NAND array (left) and NOR array (right).

TABLE 10.3

Comparison between NAND Flash and NOR Flash

Design Consideration

Integration (cell size)
Memory capacity

Erase time
Write speed
Cost per bit
Standby power
Reliability
Read speed
Code execution

Symbol ‘O’ means good, and symbol ‘X’ means bad.

NAND Flash
O (4F)
O (high)
O (1 ms/sector)
O (high)
O (low)
X (high)
X (high)
X (20 ps)
X (hard)

NOR Flash
X (10F?)
X (low)
X (1 s/sector)
X (low)
X (high)
O (low)
O (low)
O (<80 ns)
O (easy)

easy code execution [39]. At the same time, NOR flash has disadvantages in terms of low
density, slow erase speed, slow write speed, and high manufacturing cost [39].

In the past, NOR flash was used extensively, but in recent years, NAND flash is
widely used due to its high density (high storage capacity) and low manufacturing
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cost [67—-69]. According to R. Castellano (president of The Information Network),
total sales of NOR flash in Micron Technology (MU) have remained less than 30%
of NAND flash sales (Figure 10.15).

Unfortunately, however, NAND flash is hard to be designed with TFET-based
memory cells. As shown in the orange dotted line in Figure 10.14, in NAND flash,
source and drain must have the same type of doping [38,39]. However, the TFET-
based memory cell has different types of doping in source and drain, and it is dif-
ficult to apply TFET-based memory cells to NAND array. Therefore, TFET-based
low-power memory devices have been studied extensively for the NOR flash market.

Like this, several trade-off issues exist between device design and circuit design.
Therefore, it is important to design the whole by simultaneously considering device
characteristics and circuit characteristics. This method of designing the whole by
taking these two things into account is called ‘device/circuit co-design’ (also known
as design technology co-optimization (DTCO)) [70]. In making memory electronic
devices based on TFET [71-73], it is also essential to design them with device/circuit
co-design so that overall good performance is achieved. Therefore, the collabora-
tion between the device design engineer and the circuit design engineer might be
paramount.

10.6 CONCLUSIONS

In the first part of this chapter, the projected roadmap for future memory technol-
ogy is shown and explained. The conventional structure of SONOS had evolved to
TANOS structure for lower EOT, which enables low-subthreshold swing, low-power
operation, fast program operation, and fast erase operation. Then, this TAHOS struc-
ture has been recently suggested for viable candidates for replacing TANOS structure
for better memory storage capacity and reduced EOT. However, the TAHOS struc-
ture has quality issue, such as it is difficult to guarantee stable operation of 10 years.

For the solution and further breakthrough, two optimization methodologies are
suggested for next-generation memory devices. The proposed optimization meth-
odologies utilize the low-power characteristics of TFET and increased physical
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thickness of tunneling layers (while EOT is unchanged) from stack engineering. By
doing so, the three parameters required for memory design—Ilow power, large mem-
ory margin, and long retention (3Ls)—could be achieved. In addition, the TFET-
based memory design could improve erase speed as well, since TFET structure
simultaneously has p* region and n* region whereas the MOSET structure does not.

In the final part of this chapter, four possible issues in these optimization tech-
niques are addressed. For better performance, abrupt doping profiles are critically
required, and possible variability issues from the increased number of photomasks
should be researched. Most importantly, the device/circuit co-design shall be adopted
for solving trade-off issues between device design and circuit design, and the col-
laboration between the device design engineer and the circuit design engineer would
be paramount.
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11.1  INTRODUCTION

In accordance with Moore’s law, the number of transistors doubles every 2 years
because the size of MOSFET is reduced with successive technology nodes to design
faster and functionality--rich integrated circuits (ICs). However, increased leakage
power poses a significant challenge while designing an IC. Along with the reduc-
tion of channel length, leakage current increases, and short channel effects (SCEs)
came into picture. Therefore, to reduce the SCEs, new designs and technologies are
being explored that include FinFET, junctionless transistor, carbon nanotube FET,
TFET, etc. [1]. Among the emerging future technologies, TFET is a promising
device in terms of low-voltage, low-power applications. In this work, we observed the
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characteristics of TFET and conclude that it is a promising device and a better alterna-
tive for low-voltage low-power IC design with a steep subthreshold slope (SS) that can
go below 60 mV/decade, ultra-low-power and low voltage, negligible SCEs, extremely
low leakage current, and high 7, /I, current ratio [2]. The operation of TFET is based
on band-to-band tunneling (BTBT), that is, carriers tunnel through the barrier, which
is a bandgap present between the valence band and the conduction band, for the flow
of electron from source to drain. Besides the many attractive features of TFET, there
are some TFET device characteristics such as PIN forward bias current, low ON cur-
rent, and unidirectional current conduction (i.e., the source—drain terminals are asym-
metric) that pose challenges in the circuit design. These characteristics of TFET differ
from those of conventional MOSFET characteristics; therefore, TFET implementa-
tion of existing MOSFET circuits requires some modifications [2].

From the above discussion, it is concluded that TFET is a potential substitute
for conventional MOSFET for designing low-power, low-voltage, low leakage cur-
rent, and energy-efficient circuits. In this work, we present the implementation of
a 4-bit flash ADC using TFET with a 20nm channel length. Ultra-low-power ADC
attributed to its TFET implementation would be very useful in communication sys-
tems, sensors, biomedical devices, and other hand-held battery operated devices.
Flash ADC is the fastest ADC available among various others ADCs, but its power
consumption is high [3]. Therefore, this work aims at developing ultra-low-voltage
designs with ultralow power consumption for high-speed and medium-resolution
flash ADC to improve energy efficiency. We also compare CMOS-based flash ADC
with the TFET-based flash ADC.

11.2  OVERVIEW OF TUNNEL FIELD EFFECT TRANSISTOR

CMOS is the workhorse of the present day semiconductor industry. But due to the
scaling down of channel length, leakage current and SS have significantly increased.
This is attributed to the various SCEs that come into picture at reduced chan-
nel lengths, which ultimately reduce the overall performance of CMOS devices.
Therefore, we need a device that is capable of having a lower SS below 60 mV/
decade, thereby supporting voltage scaling. TFET offers a high 1, /I, current ratio
at low voltages, high transconductance in the subthreshold region, and high output
resistance as compared to CMOS, which translates into high gain [4].

Structurally, TFET is a gated p-i-n diode that involves BTBT mechanism for cur-
rent conduction. The electrostatic potential of the intrinsic region is controlled by a
gate terminal.

Figure 11.1 shows a schematic of TFET in which the source is of p-type, channel
is of n-type, and drain is of n-type. When no V,, is applied, there will be no conduc-
tion. The valence band of the source is lower than the conduction band of the chan-
nel; therefore, no electrons will tunnel through it. When a positive V,; is applied, then
the conduction band of the channel will go below the valence band of the source.
Therefore, electrons will tunnel through it, and conduction will take place. When a
negative V,, is applied, then the valence band of the channel goes above the conduc-
tion band of the drain. Therefore, conduction takes place through tunneling again.
However, in this case, a channel drain junction is formed and the channel is changed
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oxide —— oxide

(a) (b) ()

FIGURE 11.1 Energy band diagram of tunnel field effect transistor: (a) OFF state, (b) ON
state, and (c) ambipolar state [1].

from one carrier type to another carrier type leading to the nomenclature ambipolar.
This region seriously impacts the performance of a TFET device, which leads to poor
stability of the circuit. The overall working region of a TFET is divided into four
regions labeled as the tunneling region (Kane-Sze), diode region, ambipolar region,
and the negative differential resistance (NDR) region. It is important to make sure
that TFET works in the Kane-Sze region, otherwise, other regions of operation will
seriously impact its performance and lead to instability of the device and compro-
mised circuit performance [1].

11.2.1 TFET AND Its CHARACTERISTICS

In n-type TFET, the source has p+ doping, the channel has n-type doping, and the
drain has n+ doping. On the other hand, in p-type TFET, the source has n+ doping,
the channel has n-type doping, and the drain has p+ doping. In this work, double-
gate InAs TFET is used for the implementation of 4-bit flash ADC. Some of the
device characteristics are presented in Table 11.1.

Simulation of the NTFET device has been performed using the Verilog-A model
with the HSPICE tool. Characteristics such as I, vs V, and I, vs V, have been studied,

TABLE 11.1

Process Parameters of the InAs TFET Model
Parameter Value
Gate length, Lg (nm) 20
Equivalent oxide thickness, ETO (nm) 0.2
Channel thickness, Tch (nm) 5
Threshold voltage, V,, (V) 0.145

Semiconductor band gap, E, (eV) 0.354




226 Emerging Low-Power Semiconductor Devices

and it is observed that TFET demonstrates unidirectional current flow, that is, there is
no drain current for V,, <0V for NTFET.

In Figure 11.2, the characteristics of drain current vs drain—source voltage are
plotted, and it is observed that the current increases on increasing the gate voltage.
In Figure 11.3, drain current vs gate—source voltage is plotted, and we observe that
NTFET starts conducting when V,  becomes greater than V,,. In Figure 11.4, we take
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FIGURE 11.2 [, vs V¢ varying from —0.1 to 0.5V with a gate voltage sweep of —0.1 to
0.4V inastep of 0.1 V.
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FIGURE 11.3 [, vs V,, varying from 0 to 0.5V with a drain voltage sweep of 0-0.5V in a
step of 0.1 V.
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FIGURE 11.4  Plot between log I, and V, for the calculation of SS.

the logarithmic of the drain current and calculate its SS from the graph, which is found
to be less than 60 mV/decade, which is approximately equal to 45.7 mV/decade. This
SS indicates that TFET has a low leakage current and supports better voltage scaling
as compared to MOSFET and is good for low-voltage and low-power applications.

11.3 TFET-BASED DESIGN CONSIDERATION
11.3.1  TFET-BASED INVERTER

This is the basic building block using TFET, and its performance can be studied by
performing simulation using HSPICE. This circuit would be later used for the imple-
mentation of comparator and encoder. TFET inverter consists of one NTFET and one
PTFET, input is given to the gate terminal of TFETs, and output is taken from the
drain terminal of the TFETs (Figure 11.5).

11.3.1.1 Simulation of TFET Inverter

DC analysis has been performed using HSPICE simulation. For this, input is varied
from 0 to 0.9V, and the supply voltage is 0.9 V. In Figure 11.6, it is observed that the
voltage transfer characteristic (VTC) curve of TFET inverter has a straight line and
a gentle slope.

11.3.2 TFET-Basep SampLe AND HoLp Circult

Sample and hold circuit is an important building block in data converter systems,
which helps to minimize errors that may occur due to delays in internal operation
of the converter. This circuit will be later used in the design of voltage comparator.
In the conventional S/H circuit, when MOSFET is replaced by TFET, it results in a
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FIGURE 11.5 Schematic diagram of a TFET inverter.
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FIGURE 11.6  Voltage transfer characteristics of TFET inverter.

circuit as shown in Figure 11.7 (hereafter referred to as circuit I). Simulated wave-
forms of circuit 1 have been observed, and we found that there was some trouble and
the signal was not properly sampled during fall transition as shown in Figure 11.8.
This is attributed to the PIN forward bias effect, and the gate terminal loses control
over the device and current flows between drain and source. In order to eliminate
this limitation, the conventional S/H circuit 1 has been improved to obtain proper
sampled signals, and the improved circuit is referred to as circuit 2 as shown in
Figure 11.9. Circuit 2 has been verified for various sampling frequencies, and for
different amplitudes of input signals as shown in Figure 11.10.

Various performance metrics of sample and hold circuit 2 have been measured
and are tabulated in Table 11.2.

The droop rate is zero, and also the hold mode settling time is zero. It is also
observed that by decreasing the value of the capacitor, the droop rate increases and
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FIGURE 11.7 Conventional S/H circuit implemented using TFET and referred to as circuit 1.
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FIGURE 11.8 Behavior of circuit 1 for the input voltage of 0.3 V peak to peak and sampling
frequency of 100 KHz with load capacitance of 1 pF.
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FIGURE 11.9 Modified S/H circuit referred to as circuit 2.
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TABLE 11.2

Performance Metrics of Sample and Hold Circuit
Actual sampling Time to go from hold  Acquisition
time (us) to sample (us) time (us)
0.519 0.501 0.018
1.54 1.5 0.04
2.05 2 0.05

acquisition time decreases. Therefore, TFET is a promising device option for the
design of data converters. Performance parameters of the sample and hold circuit
are improved with some modification in terms of droop rate, acquisition time, and
hold mode settling time. TFET is also compatible with any digital/analog, inter-
net of things (IoT), and biomedical applications. Comparator and encoder have been
designed using TFET for converting the analog signal to digital signal properly, with
the help of building blocks discussed in previous sections.

11.4 TFET-BASED COMPARATOR AND ENCODER
DESIGN FOR FLASH ADC

11.4.1 INTRODUCTION TO COMPARATOR

Comparator is an important block of any ADC, and its design is also very important
for the overall performance of any ADC. Speed of operation, power consumption,
and the sensitivity of the input signal are important performance parameters while
designing a comparator. The primary purpose of comparator in Figure 11.11 is to
compare the input signal with the reference voltage and generate high- or low-output
signal depending upon the comparison as shown in Figure 11.12. Basically, it is a
decision-making circuit.

If the input voltage is greater than the reference voltage, then the output will be
logic high, and if the input voltage is less than the reference voltage, the output will
be logic low.

V
ouT
Vier

I
LA

FIGURE 11.11  Basic diagram of comparator.
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FIGURE 11.12 Comparator’s ideal transfer characteristics.

This comparator is an inverter-based comparator designed using a TFET device
that samples the signal only on a clock edge and proves to have more speed and less
power dissipation as compared to its MOSFET counterpart.

11.4.2 TFET-Basep COMPARATOR DESIGN

Figure 11.13 shows an inverter-based comparator that is based on the functioning
of the clock signal, that is, positive and negative edges of the clock. When the clock
signal is high, an input signal is sampled through the sample and hold circuit, S1.
When the clock signal is low/CLK bar is high, a reference voltage is passed through
the sample and hold circuit, S2. The inverter acts as a comparator, the latch (I3 and
14 constitute latch) as a memory element. To boost the gain of the comparator, an
additional buffer has been used.

Clk
input #1

signal TFET Sample and |
— Hol

12 lCIk bar

1 [ 13 15
Clk bar| 3 | 4 5 TFET Clocked out
I va Inverter

Reference 1 lok Clk l i
vollage TFET Sample and |
Hold TFET Transmission Gate TFET Clocked ‘
Circuit T Inverter ‘ 14
e S2 —
Clk | Cik bar P

FIGURE 11.13  Block diagram of TFET inverter-based comparator.



TFET-Based Flash Analog to Digital Converter 233

TABLE 11.3
Value of Reference Voltages that are Used for
the Implementation of TFET-Based Flash ADC

Reference Voltage Value (V)
Comparator 1 0.1
Comparator 2 0.14
Comparator 3 0.18
Comparator 4 0.22
Comparator 5 0.26
Comparator 6 0.3
Comparator 7 0.34
Comparator 8 0.38
Comparator 9 0.42
Comparator 10 0.46
Comparator 11 0.5
Comparator 12 0.54
Comparator 13 0.58
Comparator 14 0.62
Comparator 15 0.66

As this comparator will be used in the implementation of the 4-bit flash ADC, 15
such comparators are required corresponding to which there are 15 reference volt-
ages as shown in Table 11.3.

11.4.2.1 Working

During the sampling mode (when the clock is high), S1, T1, and 14 are closed and S2
and 12 are open. In this mode, an input signal is sampled with the help of a capaci-
tor, C. During hold mode, when the clock bar is high, a reference voltage is passed
through the sample and hold circuit. In this mode, S2 and 12 are closed and others are
open. The inverter I1 acts as a comparator, and I3 and 14 act as a latch and a memory
element, respectively.

During the sample mode, the input is sampled as the S1 is open using capacitor C.
In this mode, T1 is closed, which makes nodes 4 and 5 short-circuited. The voltages
of nodes 4 and 5 are equal, which helps the inverter to regain its switching threshold
voltage, which is VDD/2. Actually, the inverter I1 is designed in such a way that the
switching threshold voltage has to be VDD/2. As 12 is open, I3 and I4 act as a latch,
keeping the previously stored value. Therefore, node 4 is has a voltage VDD/2, and
node 3 is equal to Vin.

Voltage of capacitor, Ve =V4-V3
Vc=VDD/2-Vin

During the hold mode, when CLK bar is high, S2 and 12 are closed and the others are
open. Constant reference voltages are passed through the sample and hold circuit, S2,
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and are accumulated over the capacitor; subsequently, the voltage at node 4 would
be for comparison.

Vc=V4-V3
Vc=V4-Vref
V4 =Vc+ Vref

V4=VDD/2-Vin + Vref
V4 =VDD/2—(Vin-Vref)

Therefore, from the above equation, it is clear that V4 is the voltage that is present at
the input of the inverter, I1. If Vin> Vref, the input at inverter I1 would be less than
VDD/2, which makes the output of the inverter logic high (VDD), which is 0.9 V.
Similarly, for Vin < Vref, the voltage of node 4 would be greater than VDD/2. This
implies that the input of the inverter has a voltage greater than VDD/2, which leads to
having an output voltage corresponding to logic O(0V). There is a possibility that the
circuit may not generate proper high and low voltages at the output of inverter 11-I3
that helps in getting full voltage levels of 0.9 and 0V corresponding to logic high and
logic low. 12 separates the latch and the comparator during sample mode, while I3
acts as a buffer for hold mode.

11.4.2.2 Components of TFET Comparator

11.4.2.2.1  TFET Sample and Hold Circuit

This circuit is implemented using NTFET and PTFET with their sources and drains
connected together and clock and clock_bar applied at the gate terminals, respectively,
as shown in Figure 11.14. Input is applied at the drain terminals of TFETs, while the
output is taken from the source terminals of TFETs as shown in Figure 11.14.

_I_Clk

(.

out

L —

l Clk_bar T

FIGURE 11.14 TFET sample and hold circuit.
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11.4.2.2.2 TFET Transmission Gate

A TFET-based transmission gate is shown in Figure 11.15. Source terminals of
NTFET and PTFET are connected together. Input is applied at the source terminal,
and output is taken from the drain terminal. When the clock is high, the input signal
is passed to the output terminal.

11.4.2.2.3 TFET Clocked Inverter

It is sensitive to a clock which means that it is working with the appropriate clock
levels. In Figure 11.16, when the clock is low, it will work normally as an inverter,
otherwise the source of PTFET is not connected to VDD and the source of NTFET
is not connected to the ground, that is, the output node is floating.

J_Clk

L | nreET
B out
L | prrer
_Tglk_bar
FIGURE 11.15 TFET transmission gate circuit.
VDD
Clk -
—dq[=
—fe
In_ | out
|
CIK bar

|
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FIGURE 11.16 TFET clocked inverter circuit.
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11.4.3 DesiGN oF ENcoDer FOR TFET-Basep FrasH ADC

11.4.3.1 Introduction to Encoder Design

ADC is used to convert analog signal into digital signal for communication, sig-
nal processing, System on Chips (SOCs), mixed-signal design, and other applica-
tions. Flash ADC provides high-speed and moderate resolution. Flash ADC of N bit
requires (2N-1) comparators, 2N resistances, and an encoder. Outputs of comparators
form a pattern of output in terms of consecutive Os and 1s, which is known as the
thermometer code. The thermometer code has to be converted into binary values,
which can be possible using the thermometer-to-binary-code converter.

11.4.3.2 Architectures of Encoders

In a flash ADC, an input signal is compared with a reference voltage at the input of
the comparator, and depending on the input signal voltage, the output of the compara-
tor is either ‘0’ or ‘I’. Subsequently, the generated thermometer code is applied to the
input of the thermometer-to-binary-code converter. For flash ADC, delay and power
are the important performance parameters for its functioning. Therefore, delay and
power should be minimum for the IC design.

+ Vref
R
R > 0
> 0 MSB
s | .
>
| : Thermometer
& i Tl?ermometer : 610
] : Code : binary
X : . code
mk
ENCODER
R ( ) LsSB
‘{> 1
R

P

1
Analog
Input

- Vref

FIGURE 11.17 N bit flash ADC [3].
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Flash ADC should be designed in such a way that it gives high speed and low
power. There are some architectures of encoders that are used in flash ADC that are
discussed below. These architectures are taken from existing literature and are com-
pared with the one that is used in this work (Figure 11.17).

11.4.3.2.1 ROM-Based Encoder

This encoder has two stages: the first one is to convert the thermometer code to a
one-hot code. The one-hot code provides the address location to the ROM in the sec-
ond stage. At the memory location of ROM, its equivalent binary values are present.
Therefore, it helps to convert the thermometer code to binary values. Disadvantages
of ROM-based encoder are high power consumption and large delay [5].

11.4.3.2.2  Wallace Tree Encoder

This encoder counts the number of 1s at the output of comparators (thermometer
code). But it has the disadvantage of high power and delay [6] (Figure 11.18).

11.4.3.2.3  Fat Tree Encoder

Fat tree encoder offers smaller delay, consumes lesser area as compared to ROM-
based encoder and Wallace tree encoder. It comprises two stages. Initially, the input
thermometer code is converted into a one-hot code. Subsequently, the one-hot code is
converted into binary code using multiple trees of OR gates [7] (Figure 11.19).

11.4.3.2.4 MUX-Based Encoder

Multiplexer-based encoder is designed using 2:1 MUX and XOR gate [8]. This encoder
is implemented in 180nm CMOS technology, with a 1.8 V supply voltage [8]. In this

IS piag
== ==

= Lw o U5

FA FA FA
L L

G3 G2 Gy Go

FIGURE 11.18 Wallace tree-based encoder.
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FIGURE 11.19 Fat tree encoder.

work, this encoder circuit has been implemented using 20nm TFET technology. This

architecture of the encoder consumes less power and offers smaller delay. First, ther-

mometer codes are passed through 2:1 MUX, and this converts it into Gray codes.

Gray codes are converted into binary codes using XOR gates. Expressions between

the thermometer code and Gray code are evaluated using Table 11.4 (Figure 11.20).
Using Table 11.4, expressions are derived as follows:

G4=T8
G3=T4.TI2

G2=T2.T6+T6.T10.T14

Gl= Tl.TT3+T3.(T5. ﬁ+T7.(T9.ﬁ+T11.(T13.TTS)))

The Gray codes are implemented using 2:1 MUX as shown in Figure 11.21, and for
the binary values, the XOR gate-based circuit converts Gray code to binary code. 2:1
MUX and XOR gates have been designed using standard NAND gates implemented
in the TFET technology (Figure 11.22).
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TABLE 11.4
Truth Table for a 4-Bit Encoder
Thermometer Code Gray code

Ti5 T14 T13 T12 T11 T10 T9 T8 T7 Te TS T4 T3 T2 Tl G4 G3 G2 Gl
0 0 0 0 0 0 o o o o o o o0 o0 o0 0 0o 0 0
0 0 0 0 0 0 o o0 o o o o0 o0 o 1 0 (V] 1
0 0 0 0 0 0 o o0 o o o0 o0 o 1 1 0 0 1 1
0 0 0 0 0 0 o o0 o0 o0 0 o0 1 1 1 0 0 1 0
0 0 0 0 0 0 o 0O o0 0 o0 1 1 1 1 0 1 1 0
0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1 1 1
0 0 0 0 0 0 0O 0 O 1 1 1 1 1 1 0 1 0 1
0 0 0 0 0 0 0o 0 1 1 1 1 1 1 1 0 1 0 0
0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0
0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 0 1
0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0
0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0o 0 0

Thermometer

code ,::> Gray Code ::> Binary code

FIGURE 11.20 Block diagram of the thermometer-to-binary-code converter.
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FIGURE 11.21 Implementation of Gray codes from thermometer codes using 2:1 MUX.
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FIGURE 11.22  Gray code to binary code conversion using XOR gate.

In Figure 11.21, G4 is equivalent to T8. G3 is generated through 2:1 MUX
with T4 as the input and T14 as the select line. Similarly, G2 is generated through
two 2:1 MUX, T10 and T2 as the input signal, and T14 and T6 as the select lines.
Subsequently, for G1, T13, T9, TS, and T1 are used as the input signal to the MU Xes,
and T15, T11, T7, and T3 as the select lines. Thereafter, the Gray code is converted
into binary code using XOR gate-based circuits. B4 is equivalent to G4, B3 is the
XOR of B4 and G3, B2 is the XOR of B3 and G2, and B1 is the XOR of B2 and Gl1.
This design has a self-reconfigurable property 2:1 MUX and XOR gates are imple-
mented using the universal NAND gates as shown in Figures 11.23 and 11.24.

Sel_bar
—
Diout =sel_bar.A+ Sel.B
Sel
B — A

B

out

sel

[ NAND Gate implementation of 2:1 MUX

FIGURE 11.23 NAND gate implementation of 2:1 MUX.

A bar
—
D_Out =A barB+A.B_bar
A
—] A
e e D

Implementation of XOR gate using NAND gate

FIGURE 11.24 NAND gate-based implementation of XOR gate.
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TABLE 11.5
Parameters for Thermometer-to-Binary-Code
Converter (16:4 Encoder)

Device Technology Power (UW) Delay
180nm CMOS [8] 25.64 0.518 ns
20nm TFET [This Work] 0.328 10.67 ps

NAND gate is implemented using four TFET devices with an aspect ratio of
600/20nm of both NTFET and PTFET devices. Sel_bar, A_bar, and B_bar are also
implemented using the NAND gates.

Power and delay are estimated using HSPICE simulations for this encoder and are
reported and compared in Table 11.5. It can be observed from Table 11.5 that the TFET-
based thermometer-to-binary-code converter is faster and consumes lesser power.

11.4.4 IMpPLEMENTATION OF TFET-BAsep 4-Bit FLasH ADC

This work targets the ADC of 4-bit resolution using a TFET device. In the previous
sections, we discussed various components of flash ADC and its implementation
using TFET, along with its performance parameters. In this section, all the building
blocks are combined to implement the 4-bit flash ADC [9].

In Figure 11.25, the basic flow and conversion of analog signal to digital signal is
explained pictorially. Reference voltages varying from 100 to 660mV are generated
using R ladder with a resolution of 40 mV.

11.5 SIMULATION RESULTS AND DISCUSSION

11.5.1  SimutATION REsuLts oF TFET-BAseD COMPARATOR

TFET-based comparator is implemented and simulated using HSPICE. This pro-
posed comparator has been verified for various clock frequencies up to 2 GHz. Also,
any input signal can be selected while considering the Nyquist criterion. As the sup-
ply voltage is 0.9V, any reference voltage can be taken from 0 to 0.85 V. This com-
parator is verified for sampling frequencies up to Gigahertz. In Figure 11.26, an input

Analog >R Hold Quantizer Encoder
signal

Continuous in Discrete in Discrete in Discrete in Binary
time time and time and time and data
and continuous continuous in continuou discrete in
in amplitude. amplitude sin amplitude

amplitude.

FIGURE 11.25 Basic components of ADC.
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FIGURE 11.26 Response of TFET-based comparator for the input signal of 0.4V peak to
peak having a frequency of 1 MHz. Clock frequency is 10 MHz, and reference voltage is 0.45 V.

TABLE 11.6

Performance Metrics of TFET Comparator
Parameter Values
Technology (nm) 20
Maximum operating frequency (GHz) 2
Reference voltage (V) 0.1-0.85
Average power dissipation (uW) <50
Input range (V) 0-0.9

signal of 0.4V p-p and a reference voltage of 0.45V have been used. When the input
signal is greater than the reference voltage, the output of the comparator will be 0.9 V.
However, when the input signal is lower than the reference voltage, the output of the
comparator will be 0'V. This circuit is suitable as a comparator, and its performance
metrics are listed in Table 11.6.

It is also observed that the delay of TFET-based comparator depends on offset,
where offset is the difference of input voltage and reference voltage. It is observed
that delay increases with an increase in offset. We have observed this variation by
having different offsets for different reference voltages as shown in Figures 11.27-
11.29 for a sampling frequency of 10 MHz.

Variation of delay by varying the offset has been observed. Therefore, the delay
depends on how much input voltage and reference voltages are apart. Hence, this
work concludes that this TFET-based comparator is suitable for designing an ADC
that can be used for communication systems, IoT, and biomedical applications. It is
also observed that the speed of the comparator is fast, having only a few picoseconds.
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FIGURE 11.27 Variation of delay with offset for a reference voltage of 0.15V.
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FIGURE 11.28 Variation of delay with offset for a reference voltage of 0.45 V.

The TFET-based comparator performance is satisfactory in terms of power (<50
uW), speed, operating frequency (<2 GHz), and reference voltage range. The TFET-
based comparator is suitable for lower technology nodes that can provide minimum
resolution and a wide dynamic range for ADC with less power dissipation.

11.5.2  SimuLATION REsuLts ofF FLasH ADC

Implementation of 4-bit flash ADC design has been carried out using the HSPICE
tool with a 20nm channel length TFET device with 0.9V of supply voltage. First,
the analog signal is given to the input pins of comparators, and another input pin has
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FIGURE 11.29 Variation of delay with offset for a reference voltage of 0.8 V.
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FIGURE 11.30 Ramp input signal and clock signal are given at the inputs of comparator.

reference voltages, which are generated using R ladder. Figure 11.30 shows the ramp
input signal varying from 0 to 0.75 V with a clock frequency of 100 MHz following the
Nyquist criterion. For the 4-bit ADC, 15 reference voltages are required for 15 com-
parators used in ADC. Reference voltages vary from 0.1 to 0.75V at a difference of
40mV within two consecutive reference voltages, for example, reference 1 is 0.1 mV,
reference 2 is 0.14 mV, reference 3 is 0.18 mV, and so on as shown in Figure 11.31.
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FIGURE 11.31 Reference voltages and input signal for an ADC.
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FIGURE 11.32 Input signal with reference voltages and its corresponding output of com-
parators 1, 2, and 3.
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NDwh o~

output of comparator 2

In Figures 11.32 and 11.33, output of comparator has been shown along with the
corresponding reference voltages applied at the input of comparators. The output of
comparator remains low when the input signal is lower than reference voltages that
are given to comparators. Likewise, reference 1 is of 0.1 V and the corresponding
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FIGURE 11.34 Output of encoder: Gray to binary conversion.

output of comparator is shown in Figure 11.32. Similarly, other comparators 2, 3, 4,
5,6,7,8,9, 10, 11, 12, 13, 14, and 15 function properly and give desirable results.

In Figure 11.34, the thermometer code is first converted into Gray code with the
help of multiplexers, and then into binary code using XOR gates. Gray code and
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FIGURE 11.35 Output of 4-bit flash ADC for a ramp input.

its corresponding binary code have been shown in Figure 11.34. Initially, when the
Gray code is 0000, then the binary value will be 0000. When ramp input is increased
slightly above 0.1V, the Gray code will be 0001, and its corresponding binary values
would be 0001. When an input is above reference 2, 0.14V, then the Gray code
would be 0011, and its corresponding binary values would be 0010 (decimal value is
2). Similarly, when the Gray code is 0110, its binary value would be 0100 as shown
clearly in Figure 11.34. G4, G3, G2, and Gl are the fourth, third, second, and first
bits, respectively, of Gray codes. B4, B3, B2, and B1 are the fourth, third, second, and
first bits, respectively, of binary codes.

In Figure 11.35, binary values are shown for an input signal from 0 to 0.75V.
Binary values are 0000 till ‘t1’ because input is less than the reference voltage 1, and
then it would be 0001 till ‘t2’, when reference voltage 1 becomes lower than the input
signal. Afterward, binary values become 0010—0011-0100—-0101—-0110—0111—-1
000—1001—-1010—1011-1100—1101—1110—1111. All the bits would be high when
input signal reaches about 0.65V or above.

Implementation and simulation of TFET-based 4-bit flash ADC has been done
successfully as shown in Figure 11.35. To check the proper functioning of 4-bit flash
ADC, various input signals are taken for different amplitudes and of different fre-
quencies, keeping the Nyquist criterion for selecting the sampling frequency. A sinu-
soidal input signal has been selected to pass through ADC and is converted into
digital signals for the purpose of communication/transmission of data.

Sinusoidal input signal of frequency 10 MHz, 0.3V p-p, for a clock frequency of
100MHz is shown in Figure 11.36, and its corresponding output binary values are
shown in Figure 11.37. Initially, digital output is 1000, because input signal has an
offset of 0.4V and it is greater than reference 4; therefore, its corresponding output
would be 1000. Then, as the signal increases, digital output would be 1001—1010
and so on.
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FIGURE 11.36 Sinusoidal input signal of frequency 10MHz, 0.3V p-p, and a sampling
frequency of 100 MS/s.
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FIGURE 11.37  Sinusoidal input signal of frequency 10 MHz and binary output.

This system is able to respond to up to 2 GS/s sampling frequency and an input
frequency of 500 MHz. In this work, we have calculated ADC’s performance param-
eters such as DNL, INL, SNDR (signal-to-noise-distortion ratio), ENOB (effective
number of bits), power, delay, and figure of merit (FoM) to check the performance of
4-bit flash ADC. Calculated performance metrics are shown in Table 11.7. We also
observed these parameters by varying temperature and study its impact upon the
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TABLE 11.7
Measured Parameters of TFET-Based 4-Bit Flash ADC
Parameters Values
Resolution 4
Supply voltage 0.9
Sampling frequency (maximum) (GS/s) 2
ENOB 3.18
Average power (maximum) 259 uW
Delay 2 ns @ 500 MHz clock frequency
Power delay product 0.518 fWs
DNL, INL <0.5LSB
TABLE 11.8

Variation of Performance Parameters of ADC w.r.t. Temperature for a
Sampling Frequency of 100 MS/s

Temperature (°C) Power (UuW) Delay (ns) SNDR ENOB
—40 289.73 10 21.67 33
25 250.68 10 20.918 3.18
50 250 10 20.94 3.18
75 243.53 10 21.12 3.21
125 234 10 21.3435 3.25

ADC’s parameters. This work recorded the readings at temperatures —40°C, 25°C,
50°C, 75°C, and 125°C.

ENOB = (SNDR -1.76)/6.02

FoM = Power dissipated

2ENOB » sampling frequency

In this work, the circuit works on a 0.9V supply voltage for a 4-bit resolution. The
acceptable sampling frequencies vary from 50 MS/s to 2 GS/s, with the input fre-
quency up to 500 MS/s. Maximum power consumption of 0.259 mW is observed.
Delay varies according to the sampling frequency; for example, for the sampling
frequency of 100 MHz, the delay is found to be 10 ns. Delay for 500 MHz sampling
frequency is found to be 2 ns and so on. DNL and INL are found to be less than 0.5
LSB, and LSB is of 40 mV.

TFET-based 4-bit flash ADC shows lesser power consumption, and delay is also less,
which implies that speed is fast with a considerable FoM of 0.0143 pJ/conversion step.
At the output of 4-bit flash ADC, considerable ENOBs of about 3.18 are obtained.
ENOB is calculated after passing the binary output through ideal DAC. Ideal DAC is
performed using Verilog-A code, and we observe its waveform and then take a FFT of
the output of DAC along with SNDR and ENOB in the HSPICE. These performance
parameters are also observed by varying the temperature as shown in Table 11.8.
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Table 11.8 enables us to see the variation in power, delay, SNDR, and ENOB with
respect to temperature variation. As observed from Table 11.8, the power decreases
on increasing the temperature, delay is almost constant with respect to temperature,
SNDR also slightly increases with respect to temperature, and ultimately ENOBs
vary within 3.18-3.3. For better visualization, these variations are shown using bar
graphs in Figures 11.38-11.40.

As power decreases on increasing the temperature, power is decreased from
25°C to 125°C by about 6.65%. This can be due to TFET current characteristics’

Power variation wrt Temperature of 4
bit Flash ADC (TFET based)

3
=
]
3
a
25 50 75 125
Temperature (Celsius)
m Power{uW)

FIGURE 11.38 Graphical representation of power w.r.t temperature for a sampling fre-
quency of 100 MS/s.

Delay variation wrt Temperature of 4
bit Flash ADC (TFET based)

TEMPERATURE (CELSIUS)

* Delay (ns)

FIGURE 11.39 Graphical representation of delay w.r.t temperature for a sampling fre-
quency of 100 MS/s.



TFET-Based Flash Analog to Digital Converter 251

ENOB variation wrt Temperature of 4
bit Flash ADC (TFET based)
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FIGURE 11.40 Graphical representation of ENOB w.r.t temperature for a sampling fre-
quency of 100 MS/s.

TABLE 11.9
Comparison of This Work with CMOS Flash ADC
Reference Reference Reference Reference

Parameters [11] [12] [13] [14] This work
Technology 45nm CMOS  180nm CMOS 65nm CMOS  45nm CMOS  20nm TFET
Resolution 4 4 4 5 4
Supply voltage (V) 1 1.8 1 0.4 0.9
Sampling frequency 1 100 1 0.25 2,000

(MS/s)
Power (mW) 2.95958 1.08 0.7 0.2761x10-°  0.259
DNL 0.4 1.04 0.2LSB Nil 0.42 LSB
INL 0.38 1.36 0.2LSB Nil 0.45 LSB
SNDR (dB) 24.8636 23.59 22.3 Nil 20.918
ENOB (bits) 3.83 3.62 342 4.01 3.18
FoM (pl/step) 1.284 0.87 0.065 0.0000685 0.0143

dependence on temperature, as the off-state current is sensitive to temperature [10].
If we consider the trend of delay w.r.t temperature, it is independent of temperature
variation, which can be because delay is dependent on ON current of TFET. As from
the characteristics of TFET, it is concluded that ON current is independent of temper-
ature variation [10].Therefore, delay is does not vary by varying the temperature; it is
constant for a particular sampling frequency. ENOBs slightly vary with temperature.

TFET-based 4-bit flash ADC is compared with the reported flash ADC designed
using 45, 65, and 180nm CMOS technology. Table 11.9 compares the performance
of this work with the existing work.
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In this work, TFET-based 4-bit flash ADC has been designed and compared with
recently reported CMOS-based flash ADCs.

e TFET-based flash ADC exhibits less power consumption as compared to [11—
13] and offers about 91.22% decrease in power as compared to reference [11].

e It can support a sampling frequency of up to 2GS/s by maintaining the
Nyquist criterion for input frequency.

e In reference [14], power consumption is lesser than that in our work but
reference [14] can support only a 0.25MS/s sampling frequency, while the
presented TFET-based work can be used at the sampling frequency of up
to 2GS/s.

e ENOB in the TFET-based 4-bit flash ADC is also comparable and it gives
desirable output bits that can be properly transmitted and received by a
transmitter/receiver.

e FoM of this work is better than those of other references available in the
literature.

11.6 CONCLUSIONS

This chapter presents the TFET implementation of a high-speed 4-bit flash ADC.
Flash ADC is successfully designed with the power dissipation of 0.259 mW and has
the highest sampling frequency of 2GS/s with a power supply of 0.9 V.

With the simulation of NTFET and PTFET and observing their characteristics,
we can conclude that it is good for low-power, low-voltage applications with little
leakage current. The SS of NTFET is found to be 45.7 mV/dec. Comparator (TFET-
based) and thermometer-to-binary-code converters (TFET-based) are implemented
using TFET at a 20nm technology node using the HSPICE tool of SYNOPSYS.
Comparators, thermometer-to-binary-code converter, and resistor ladder are com-
bined, which result in flash ADC. In the thermometer-to-binary-code converter,
first, the thermometer code is converted into Gray code and then into binary code.
Capacitors are present at every node of the resistor ladder to reduce the clock
feedthrough. Various performance parameters of the TFET-based flash ADC have
been discussed. Finally, the proposed work is compared with the previous work on
CMOS-based flash ADC, and various conclusions are drawn based on the sampling
frequency, ENOB, power, supply voltage, resolution, and others. ADC is the sig-
nificant block in digital ICs, and its performance needs to be improved in terms of
conversion speed, power, area, and ability to do more complex operations.
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12.1 INTRODUCTION: BACKGROUND AND DRIVING FORCES

Modern business operations and consumer needs for data acquisition, processing,
and entertainment drive the growing industrial need for creating, acquiring, storing,
processing, and transmitting information. The problem started with the introduction
of the electronic calculator, personal computer, and microprocessor-driven games,.
The increased need for computing, combined with a growing demand, has resulted
in integrated circuits (ICs) that are faster, smaller, more dependable, and less pow-
erful. The technology accompanying these advancements can be incorporated into
the combatant’s electronic systems to improve functionality and reduce battery con-
sumption. The industry has embarked on a long-term strategy to reduce electronic
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devices’ size and operating voltages while increasing device and circuit integration.
In technological advancement, we are studying the National Technology Roadmap
for Semiconductors (NTRS). ICs further lowered power usage by allowing multiple
devices to be packed on a single chip, eliminating the interconnection constraint and
minimizing power consumption (1). “Invented complementary metal-oxide-semi-
conductor (CMOS) integrated circuit was the crucial low-power CMOS device used
as building blocks in most ICs, significantly lowering IC power consumption” (2).
Future social life quality depends on the perspective improvements of information
technology. In the field of sensing technology, highly desirable products like house
monitoring (air pollution, humidity, fire, temperature, human health, and security),
traffic monitoring (like car speed, traffic jams, and accidents), agriculture monitor-
ing (air pollution, temperature, humidity, wind, lightning, rain, and storms), space
monitoring (stars, sun, meteorites, moon, and other astronomical phenomena), secu-
rity monitoring, and so on are created in many companies.

Three primary applications that drive the demand for low-power FET electronic
devices are as follows.

i. Portable electrical goods including wristwatches, cardiac pacemakers, per-

sonal digital assistants, hearing aids, pocket calculators, etc.

ii. Improving performance by increasing the package density of components in
ICs while countermeasuring power consumption restrictions; and

iii. power preservation in desktop computers with a modest life cycle of cost-
to-performance ratio, which necessitates low power for less power supply
and cooling expenses (2). Low utilization of power results in lower chip
temperatures, higher stability, and less expensive plastic packages (3).

The power consumption of dynamic random access memory (DRAM) circuits can
be significantly lower. Power dissipation challenges in electronic systems are treated
at many levels. Out of the different hierarchies in electronic systems, only device
issues relating to low-power electronics are discussed here, such as circuits, materi-
als, devices, and systems.

To study low-power electronics, one must first study the components of ICs or
semiconductor devices. MOS-field-effect transistor (MOSFET) is the backbone of
CMOS used in low-power circuits (4). Silicon CMOS technology utilizes both P-type
and N-type transistors (5). In recent years, the leading semiconductor technology is
CMOS technology for the application-specific IC microprocessors and memory (4).

12.2 ALTERNATIVE STRUCTURES FOR SCALING CMOS DEVICES

According to the new International Technology Roadmap System (ITRS) for
“Semiconductors, the rapid scalability of metal-oxide-semiconductor field-effect
transistor (MOSFET) is speeding up the introduction of new technologies to extend
complementary MOS (CMOS) down to, and possibly beyond, the 22-nm node”
(1,6-8). This speeding up necessitates the industry’s intensification of study on two
extremely hard drives. The first “crucial issue of scaling CMOS into an increasingly
difficult manufacturing domain much below the 90-nm node is a high performance,
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reasonably low power, and low reliable power implementations, and the second is an
exciting opportunity to develop fundamentally novel approaches” (9). Scaling chal-
lenges involve monitoring short-channel effects (SCEs) and tunnel currents in digital
applications, increasing drain saturation current while significantly plummeting the
power supply voltage, and sustaining device parameter consistency, thereby overpow-
ering leakage current, drain-induced barrier lowering, threshold voltage instability,
and impact ionization effects across the chip and from chip to chip. In order to mini-
mize challenges under CMOS scaling, “new materials utilized in the gate stack (high-
dielectrics and metal electrode materials) in the conducting channel leads to enhanced
carrier transport capabilities including improved device performance and minimiz-
ing scaling related problems” (10,11). New transistor structures focus on improving
the MOSFET’s electrostatics, providing a platform for introducing new materials, and
meeting new material integration requirements (12). In transport-enhanced MOSFETSs,
boosting the average velocity of carriers in the channel can result in an augmented
transistor drive current for advanced circuit performance. According to scaling tech-
nology, double and triple hybrid metal gate devices would considerably lower CMOS
circuit leakage currents (13,14). 3D-FETs, such as FinFETs and TG MOSFETs, are
being intensively investigated for boosting circuit performance and suppressing SCEs,
as well as low power consumption (7,15—17). The contribution of the top surface of the
fin of the trigate MOSFET to the channel current improves drivability because it serves
as an additional channel in the case of low-power circuit operation (18). Therefore, the
“silicon-on-insulator FinFET triple hybrid metal gate simulation result is much more
improved than the planar double/single gate silicon-on-insulator metal oxide semicon-
ductor field-effect transistors” (SOI-MOSFETS) (15).

12.3 LOW-POWER FET AS BIOSENSORS IN
BIOMEDICAL APPLICATIONS

In recent years, in biomedical applications, low-power FET biosensors (bio-FET)
have seen rapid advancements with improvements in FET electrical properties and
changes to bioreceptor designs (19-21). Due to their unlimited advantages, CMOS-
FET biosensors are predicted to continue advancing as one of the most promising
technologies for biomedical applications (19). FET-based biosensors have attracted
scientific attention in advanced technology due to their extremely high sensitivity,
speed, cost-effective nature, selective, simple, easy signal readout, and label-free
assay capabilities (22,23). Due to their low cost, fast speed, and accessibility, bio-
FETs appear to be one of the most promising choices among a wide variety of electri-
cal detecting devices (23). We address the fabrication of high-field gated bio-FET to
detect target analytes within physiological conditions without requiring widespread
sample pretreatments (24). For instance, protein detection in human serum blood
(25), nucleotide detection in buffer, whole cell-based biosensor, and recognition
of biological tissues (26) are only a few of the biomedical applications of NWFET
(NWFET)-based biosensors highlighted in this review from the original research
study. Also, pH sensing (27), ion sensing (19), gas sensing (28), and biomolecule sens-
ing (29) are additional applications that have been demonstrated in current studies.
A few examples of low-power bio-FET, such as compound semiconductor FETs (21),
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silicon nanowire FETs (SINWFETSs) (30,31), and graphene FETs (32), have been used
to develop different low-power NWFET biosensor devices. NWFET-based biosen-
sors are implemented in biomedical applications since they effectively interpret bio-
logical interactions at the device surface into easily legible electrical signals (33,34)
that can be treated rapidly. For instance, silicon nanowire-based bio-FET has been
shown to have excellent sensitivity for label-free and real-time detection. It can be
highly commercialized due to its mass-production capability in the semiconductor
industry (33). Subsequently, SINWFET-based biosensors have been effectively used
to sense a wide range of biological and chemical molecules such as viruses, nucleic
acids, proteins, and DNA beleaguered substances; there have been numerous strate-
gies for improving their detecting capability in the subthreshold regime, using fre-
quency domain measurement, and augmenting surface amendment with a variety of
surface modification techniques (35). Because of the rapid growth of solid-state tech-
nologies, an interesting sensing technique, namely, the NWFET-based biosensor, has
been proposed and has become an emerging field in biosensing mechanisms due to
most biomolecules having electrostatic charges and bioactivities that require poten-
tial electrical changes (36); therefore, NWFET-based biosensors are a suitable can-
didate for applications demanding high sensitivity and speedy response times (19).
NWFET-based biosensors, for example, have been utilized to detect amino acids,
nucleotides, and biological cells. Biological biomarkers such as protein, DNA,
Uricas, APTES, and ChOy are commonly used to diagnose cardiac, diabetes, inflam-
matory, cancer (37,39), kidney injury, and infectious diseases (33,39,40). NWFET-
based biosensors have gained popularity in the early diagnosis, drug screening, and
disease screening fields because of their improved sensitivity, selectivity, and abil-
ity to be easily functionalized in rural and urban areas. For instance, “Microfluidic
cartridges for sample preparation can also be used in combination with FET-based
sensing devices to provide completely automated testing” (19).

12.4 FET-BASED BIOSENSOR WORKING PRINCIPLES

An active source, drain, and gate device comprises FETs and critical electrical compo-
nents (7,38,41). The gate connects electrodes between the drain and source electrodes
and modulates the channel conductance at the arrival and beginning point of charge
carriers. Charge carriers (electrons in n-type FETS, holes in p-type FETs) flow from
source to drain through the gate, and the amount of charge carriers can be increased
or lowered by the voltage between the gate and the source. External power sources
affect the voltage applied to the gate in conventional FETs, while the concentration and
species of biomolecules chemically attached to the gate influence the voltage in bio-
FETs (42,43). Due to the induced electric field of the semiconductor channel, the metal
potential (,,) is changed accordingly, and the band bending is created. The band
bending results in channel carrier concentration changes, such as inversion, depletion,
or accumulation (44). In addition to gate voltage (Vs > V;;,, used to turn ON the tran-
sistor devices), solution potentials of the gate, for instance, a charge of biomolecules
or pH value, can be other issues that impact the status of channel carriers and make
the current—voltage characteristics change (shift) positively or negatively because the
conductivity of the nanowire channel is affected by the charge carriers from analytes
due to attractive or repulsive electrostatic forces, “charges from analytes in the solution
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influence the degree of depletion within a channel and causes high electric field leads
to depletion or growth of charge carriers in the channel” (19), and a change in elec-
trostatic charge or charge transfer from biomolecules to the transducing nanoparticle
produces a change in the gate voltage environment and causes a conductance/current
shift. The small change of biomolecule charge would be amplified by threshold voltage
(V,)- This characteristic difference of threshold voltage (AV;, ) indicates the sensitivity
of semiconductor-FET devices (45). Finally, the target is recognized because a shift in
conductance is a function of the target biomolecule concentration.

12.4.1  Some ExampLEs OF NWFET-BAseD BIOSENSOR WORKING PRINCIPLES

The typical design of SINW biosensors for biomolecule recognition is shown in
Figure 12.1. A receptor molecule that identifies the target is mounted on the SINW
surfaces to recognize a particular target (30,46), as illustrated in Figure 12.1a.
Specific binding causes a reduction in conductance when the surface receptors
are subjected to the target molecules, which have negative charges, as shown in
Figure 12.1b.

Figure 12.2 shows a schematic architecture for label-free multiplexed biomarker
detection. APTES and glutaraldehyde were used to modify the SINW surface, leading

Y

2. o

N-type nanowire N-type nanowire

Sl

FIGURE 12.1  SiNW biosensor working principle. (a) Receptor molecules on the SINW chan-
nel surface. (b) Interface of negatively charged target molecules with negatively charged recep-
tor molecules leading to a drop in conductance for an n-type doped NW. (Adopted from Ref. 30.)

Cuirent
Current

2l P
Captureprobes miR-126 : Anti-CEA Y BSA @ CEA X

~

FIGURE 12.2 CEA and miRNA-126 label-free multiplexed electrical detection procedures.
(Adopted from Ref. 37.)
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FIGURE 12.3 Active channel and high electron mobility transistor of the AlIGaN/GaN
NWFET-based biosensor. (Adopted from Ref. 19.)

to “a self-assembled monolayer with a terminal aldehyde group” (37). Separate DNA
and anti-CEA biomolecules were etched on the surfaces of SINW microchambers.
The insertion of charged miRNA/CEA SiNW surfaces leads to the current shift in
real time due to carrier depletion in the case of target biomarker insertion (37).

As illustrated in Figure 12.3, APTES and glutaraldehyde were used to modify
the SINW surface, resulting in a self-assembled monolayer with a terminal aldehyde
group. Then, in different microchambers, imprisonment probe DNA and anti-CEA
(an antibody against carcinoembryonic antigen) were covalently immobilized on
SiNW surfaces. The n-type SiNW surface channel binds to gate dielectric due to
insertion of negatively charged miRNA/CEA and causes carrier depletion leading
to current change (38,47). The output I/V ¢ curves of the SINW biosensor devices
were altered after various channel surface modifications. The interaction of different
molecules creates a distinct electrostatic charge environment on the SiNW surface,
which acts as a gate voltage. This result is similar to other semiconductor nanowire
devices, and it is the semiconductor nanowire biosensor mechanism (37).

In addition to the NW FET biosensor, graphene FET-based biosensor is a new
platform for sensing application due to high mechanical strength, extreme conductiv-
ity, configurable bandgap, customizable optical characteristics, and a huge specific
surface area. Graphene FET-based biosensor is a crucial field-effect biosensor used
to detect avidin and biotin biomolecules that have the most specific and powerful
noncovalent interaction since avidin-biotin technology is commonly employed in
enzyme-allied immunosorbent assay kits for the recognition of various bio-macro-
molecules associated with diseases such as cancer and influenza (32,47,48) by com-
bining graphene with the unique avidin and biotin interaction (49). In comparison
with traditional bio-FET, high electron mobility transistors (HEMTs) of AIGaN/GaN
can not only sense protein in the physiological environment of human serum without
diluting or washing but can also detect uncharged molecules due to its technological
process (35); also, the streamlined fabrication process, high sensitivity and reproduc-
ibility, changeable signal magnitude, and a consistent baseline are additional advan-
tages of the AlGaN/GaN transistor biosensor (19,32,45). Due to graphene’s unique
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FIGURE 12.4 (a) Back-gated graphene FET structure, (b) top-gated graphene FET struc-
ture, and (c) a schematic design of graphene bio-FET. (Adopted from Ref. 49.)

electrical properties, bio-FET’s performance and sensing capability have unquestion-
ably increased to new heights (49). This is why recently, graphene FET-based biosen-
sors have been successfully used to detect and analyze the virus quickly to meet the
scientific community’s interest. The detection principle of graphene-based bio-FET
is illustrated in Figure 12.4. The applied voltage in the gate terminals of graphene
FET devices alters the graphene channel’s conductivity, which is interfaced between
the source and the drain due to graphene’s very high current conductivity. As a result
of the very high conductivity of graphene channel FET devices, the response time is
extremely short, which aids in rapidly identifying the virus (49). The virus is etched
on the graphene surface in biosensor graphene FET devices. In contrast, the virus
affects the conductivity of the graphene channel, which is quickly detected at the out-
put, as illustrated in Figure 12.4b. Finally, graphene-bio-FETs are broadly applied for
diagnosis of various viruses due to their rapid detection ability, commercial avail-
ability, downsizing capability, low cost with high yield, large-scale and high-quality
production, scalability, early-stage detection, and reduced requirement of qualified
personnel (47); in addition to the point-of-care virus detection, graphene-based bio-
sensors are free of the risk of cross-contamination via the biosensor.
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FIGURE 12.5 (a) Schematic design of SINWFET, (b) SINW-SB-ester current response of
FET, and (c) SINW-SB-ester chemical modification deprotection, and follicle-stimulating hor-
mone (FSH) target for surface functionalization of SINWFET devices. (Adopted from Ref. 50.)

Figure 12.5a shows a pictorial representation of SINWFET-based biosensors
with SiNW, source (S), drain (D), and electrodes. Ultrahigh-sensitivity integrated
NWFET-based biosensor exhibits “detecting cytokeratin 19 fragment and prostate-
specific antigen (PSA) in buffer solution” (50) and is highly selective in various
cancer biomarker identification. The hydroxyl-terminated silicon dioxide of SINW
was chemically altered with SB-ester to generate SINW SB-ester. The ethoxy group
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FIGURE 12.6 (a) Schematic of SINWFET-based biosensor device. (b and c) Sensing plat-
form for detecting hTSH on functionalization of SINWFET. (d) Sensitivity versus the loga-
rithm of hTSH concentration. (Adopted from Ref. 21.)

of SB-ester interacts with the hydroxyl group of SINW (50). “Follicle-stimulating
hormone (FSH) determination can benefit in the analysis of a variety of aspects,
including reproductive system physiology, fertility maintenance, and the discov-
ery or treatment of reproductive diseases” (50,51). For instance, sialic acids are
negative-charged byproducts of neuraminic acids found at the end of sugar chains
and connected to cell surfaces and glycoproteins (26,50). On the other hand, exist-
ing diagnostic methodologies face numerous challenges, like complicated handling
techniques, expensive equipment, etc. Designing effective, low-cost, and rapid fol-
licle-stimulating hormone (FSH) detecting biosensors is essential (50). A boronic
acid-functionalized metal-oxide-semiconductor (MOS) SINWFET-based biosensor
device is a novel sensing, low-cost, and compact approach for accurate and efficient
follicle-stimulating hormone (FSH) detection and menopause diagnosis (50).

The SINWFET-based biosensor devices have been used in a wide range of appli-
cations, such as nucleic acid and protein, virus detection, analysis of small-mole-
cule protein interactions, and cell detection, due to their effectiveness of sensing
abnormal biomarker concentrations linked to their small size and the huge surface-
to-volume ratio (SVR) (21). For instance, CMOS-compatible SINWFET-based bio-
sensor can detect easily and rapidly human thyroid-stimulating hormone (hTSH)
in the absence of any nanoparticle pairings, as illustrated in Figure 12.6. Using
amino acid APTES biomolecule, the coated oxide layer of SINW surface should
be functionalized initially. These functionalized SINW chips have been employed
for electrical toughness using a semiconducting analyzer parameter. The concen-
trations of the associated antigen human thyroid-stimulating hormone (hTSH)
were detected employing anti-hTSH antibodies immobilized on the surface of the
SiNWFET-based biosensor, as illustrated in Figure 12.6b and c. The interaction
between negatively charged analytes and the appropriate antibody leads to charge
carriers in the current channel to be depleted, leading to an increase in current in the



264 Emerging Low-Power Semiconductor Devices

SiNWFET-based biosensor device, and this current variation’s magnitude reveals
the concentration of the target antigen human thyroid-stimulating hormone (hTSH)
as shown in Figure 12.6d.

Cancer is often silent in its early stages and is identified later when therapeutic options
are limited (38). The most common cancer in men is prostate cancer, and it is the second
greatest cause of death in men worldwide (38). Due to existing methods for detecting
cancer, biomarkers are insensitive and need biochemical labeling or nanoparticle conju-
gations. Early cancer diagnosis and prognosis require a direct, efficient, highly sensitive,
and accurate biosensor for detecting cancer biomarkers (52). The integrated SINWFET
device, with its enhanced properties and scalability, opens up a lot of possibilities for
point-of-care tests (POCTs) for fast screening and early treatment of cancer and other
complicated diseases. The integrated SINWFET-based biosensors showed not only
ultrahigh sensitivity of cytokeratin (CYFRAZ21-1) and prostate-specific antigen (PSA)
with detection in buffer solution but also high selectivity of discrimination from other
similar cancer biomarkers. “Prostate-specific antigen(PSA) is a glycoprotein released by
the prostate gland’s epithelial cells, and it has been recognized as the most extensively
utilized tumor marker for screening early prostate cancer and detecting recurrence after
therapy” (38) due to its absolute tissue specificity as stated clearly in Figure 12.7.

Peptide nucleic acid (PNA)_DNA hybridization detection using reduced graphene
oxide (R-GO) FET-based biosensor is illustrated in Figure 12.8. Due to its large
detection area, ambipolar field effect, high carrier (electron) mobility, simplicity of
functionalization, and low intrinsic electrical noises, graphene has the potential to
outperform CNTs and SiNWs (49). In order to detect biomolecules, highly sensitive
and selective reduced graphene oxide bio-FET have recently been developed. The
reduced graphene oxide (R-GO) FET biosensor was first functionalized using pep-
tide nucleic acid to enhance DNA detection. Figure 12.8 shows the basic operation
of the R-GO FET biosensor for DNA detection based on peptide nucleic acid (PNA)-
DNA hybridization. Drop-casting R-GO onto the sensing channel as the conducting
material produces the R-GO FET biosensor. The PNA probe is then immobilized
using covalent bonding between the amino group on PNA and an amide bond on
the other end of PASE, followed by the use of an ethanolamine solution to minimize
nonspecific binding (53). The target DNAs are then placed on the device for hybrid-
ization with probe peptide nucleic acid (PNA), and a silver wire is applied as the gate
to create a liquid-gated FET for electrical measurements. The left shift of the Ids-Vg
curves of the devices can be used to measure PNA-DNA hybridization. When non-
complementary DNA is added to PNA-functionalized devices, it does not produce a
responsive signal, as clearly stated in Figure 12.8 (Table 12.1).

12.5 SENSITIVITY ENHANCEMENT OF NWFET-BASED BIOSENSOR

The electrical response of the NWFET remained essentially unaltered, while the
buffer solution was flowing through the sensor surface in the case of the FET bio-
sensor device. The reduction in electrical current is consistent with earlier findings,
implying that negatively charged biomolecules binding to the gate dielectric of n-type
NWFETs result in carrier depletion and thereby current reduction. Here are lists of
various mechanisms that lead to enhancing NWFET-based biosensor sensitivity (59).
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FIGURE 12.7 (a) Schematic diagram of microfluidic integrated SiNW biosensor
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(Adopted from Ref. 38.)

12.5.1  IMPACT OF SizE ON SENSITIVITY CAPABILITY

As we have various research articles, the sensitivity of NWFET devices is higher
than that of microwire-FET devices (32,35). The SVR increases significantly as the
wire diameter decreases, and the influence of the external electric field can reach the
whole cross-section of the wire; this causes a considerable increase in the induced
conductance change inside nanowire FETs compared to microwire-FETs. However,
large internal wire sections are unaffected, leading to a less significant change in
conductance. As a result, whenever charged particles encounter thicker wire, the
area influenced by the electric field generated by the charged analyte is constrained
to the wire surface.
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FIGURE 12.8 Reduced graphene oxide (R-GO) FET biosensor, which uses PNA-DNA
hybridization to detect DNA. (Adopted from Ref. 53.)

12.5.2 SURFACE PROBE ALIGNMENTS

Randomly polarized and oriented linker biomolecules cause a problem due to
unaligned monolayer; these melodramatically diminish the communal charge oppo-
sition carried about by disparaging interference, thereby less sensitive detection. As
a result of high-quality surface modification on NW FET sensors, sensing capability
and reliability have been improved (30).

12.5.3 SINW STRUCTURE

The top-down strategy for NW production remains challenging due to lithography
process constraints in shrinking wire size to 20 nm or below. Metal-assisted chemical
etching (mac-etch) (60) is another approach to build nanostructure from the original
nanowire leading to arise in the SVR of nanowires and generation of nanoforest only
in the channel region, with no misalignment due to the self-aligned Joule-heating
process. Au or ZnO nanorod particles are synthesized precisely on NW (46).

12.6 NANO-FET BIOSENSOR DEVICE CHALLENGES

The preliminary step in developing a biosensor is ultrasmall scale device fabrica-
tion in recent technology. Nowadays, mass produced, highly sensitive, real-time
measurement capability, label-free electrical sensors and cost-effective, scalable
biosensors with low-power-driven FETs are perfect candidates for various medi-
cal and basic scientific research projects (54). However, individual nanostructures
cannot be consistently placed at specified places on a substrate using current large-
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scale fabrication technologies. As a result, current production procedures, which
are highly vulnerable to processing conditions and probabilistic nanostructure posi-
tioning, produce nano-FET devices with significant unpredictability and device-to-
device inconsistency. Some of the important challenges faced in the development
of nano-bio-FET are detection time and specificity (describes the sensor’s ability
to distinguish between biological entities that are targeted and those that aren’t in
a sample), introducing significant challenges when designing nano-FET biosen-
sor systems, such as finding a suitable technology while maintaining the highest
sensitivity and specificity. As a result, in order to commercialize this technology
on an ultrasmall scale, more study in this field is required. For instance, lab-on-
chip devices and sensor specificity and sensitivity need to be improved in order to
handle the whole blood or serum samples of humans. Due to these reasons, further
research/efforts in nano-FET biosensor integration with microfluidic and lab-on-
chip devices would be necessary to facilitate point-of-care diagnostic applications
and real-time closed-loop drug therapy systems. By overwhelming these limita-
tions, nano-FET biosensor devices can be used for various applications, including
combinatorial chemical and biological research, high-throughput screening systems
for drug development, and point-of-care diagnostics in upcoming technology.

12.7 CONCLUSIONS

This review addressed the most recent different biologically sensitive low-power-
driven FET sensors for early diseases analysis and cell-based tests for drug screen-
ing investigations. When scalability of the design is an issue, the study on the
structural evolution of FET-based biosensors indicates that focusing on CMOS-
based FET sensors facilitates further standardization with well-developed CMOS
circuitry and mass production in addition to adequate and rapid detection of bio-
logical analytes.

The study focus on recently published articles of low-power-driven FET-based
biosensor discoveries in biomedical applications. As we have seen in recent articles,
NWFET-based biosensors are highly selective and sensitive for detecting biological
species in buffer solutions in real-time without labels. For instance, protein—protein
interaction, viral detection, neuronal electrical response, human thyroid-stimulating
hormone (hTSH), DNA hybridization, and clinical diagnosis are all detected with
NWFET-based biosensors via direct electrical measurement, enabling label-free
detection of biomolecules, which eradicates time and power consumption labeling
experiments and decreases the cost of expensive diagnostic screening examinations.

However, there are still certain problems to overcome the sensitivity downside
of ultrasmall device size. For instance, the high and nonspecificity of entire blood
samples provide a strong background on the channel surface of NW FET-based bio-
sensors. Even though some obstacles need to be overcome, the SINWFET biosensor
will play a key role in the future biological investigation and cellular inquiries.

Finally, we recommend that the NWFETs, which may be employed as low-cost,
disposable, and label-free transportable chips showed promise as fast screening tests
and point-of-care diagnostics of various diseases in biomedical applications with
low-power consumption.
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13.1 INTRODUCTION

Smart electronic gadgets and the Internet of Things (IoT) generate massive amounts
of data, which demands ultrafast scalable memory devices. The current availability
of huge amounts of data and computer capacity, as well as neuromorphic computing
architectures, has facilitated the resurgence of machine learning development of deep
learning methodologies for practical uses [1,2]. Despite the fact that the solutions are
mostly software-based, neural networks are nevertheless simulated in neuromorphic
computing utilizing von Neumann architectures. Simulating a single synapse/neu-
ron on a hardware level still necessitates a tremendous number of transistors, which
occupy a large area and cause both integration and energy consumption issues [3—5].
Furthermore, due to the planar structure of complementary metal oxide semicon-
ductor (CMOS) integrated circuit technology [6], hardware development of neural
connection is a serious restriction. As a result, traditional computing is unable to
meet the growing demand for hardware architectures for cognitive and recognition
activities, which consume a significant amount of processing energy and cost [7].
Traditional von Neumann computing machines include data processing units (CPU)
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and memory units that are physically distinct, resulting in high latency and energy
consumption. Modern computing architectures such as multicore processors enable
parallelization and combine CPU and memory units for high-demand data process-
ing applications [8]. The on-chip cache was introduced in the CPU to keep up with
the data processing speed and to reduce transmission latency. On-chip caches allow
for data to be kept close to the CPU cores improving overall chip performance.
Figure 13.1 shows the hierarchy of computational memory.

Several nonvolatile memory architectures have been invented in recent years and
are undergoing extensive development and research [9]. There is no unique data stor-
age device that can today meet all of the requirements simultaneously. Combining
several memory architectures in a single computational system is a time-consuming
and difficult task. It also has a negative impact on the system’s overall performance.
As a result, there is great interest in finding versatile memory architecture that has
high storage density and nonvolatile memory, low latency, and high endurance. Many
alternative memory technologies have been offered as potential versatile memories in
recent decades. Resistive random-access memory (RRAM), phase change memory,
racetrack memory [10], and magneto resistance random-access memory (MRAM)
are some of the most well-known alternate memories. In MRAM, the magnetic state
of a nanometer-scale magnet is used to store information. The magnetic tunnel junc-
tion (MTJ) is a fundamental storage element in MRAM.

The mechanics of spin-transfer torque (STT) and spin orbit torque (SOT) are
employed to write MTJ. When an unpolarized charge current is injected into the
first ferromagnetic (FM) layer of the MTJ, electrons become spin-polarized, exert-
ing a torque on the magnetic moment of the second FM layer in the MTJ. Due to the
Rashba-Edelstein effect (REE) and/or the spin Hall effect (SHE), unpolarized flow
through a nonmagnetic (NM) material with a high spin orbit coupling (SOC) gener-
ates a strong spin current in the SOT mechanism [11-13]. As a result of the accu-
mulation of spin-polarized electrons at the NM/FM heterojunction, current passing
through NM material imposes a torque on the surrounding FM layer. To generate
spin-polarized current in traditional SOT devices, a three-dimensional (3D) heavy
metal with a high SOC, such as Pt, W, or Ta, is employed [14,15]. However, the main
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disadvantage of HMs is that the efficiency of damping-like torque (7',,), which plays
a major role in magnetization switching, ranges from 0.1 to 0.3.

Two-dimensional (2D) materials with strong SOC are prospective candidates to
replace HMs, according to recent progress in the field of research in identifying materi-
als that result in Ty, with high-efficiency and strong SOC [16,17]. As a result, 2D SOT-
MT]J has piqued the curiosity of nonvolatile memory and logic designers. Two types of
2D materials have shown to be excellent prospects for SOT applications. One is transi-
tion metal dichalcogenides (TMDs), for example, 2D van der Waals (vdW) materials
with controllable conductivity and high SOC [18]. TMDs have been demonstrated to
generate out-of-plane 7, , which could allow for efficient and reliable magnetic switch-
ing materials with perpendicular magnetic anisotropy (PMA). Perpendicularly magne-
tized magnets are efficient compared to in-plane magnetized magnets in MTJ because
they require a significantly lower switching current [19,20]. The topological insulator
(TT) is another type of 2D material. Because TIs have insulating bulk characteristics
and conducting surface states, their SOC is several orders of magnitude more powerful
than those of HMs [21]. This is due to spin momentum locking. Engineering chemical
and electrical properties, spin transport, ferromagnetism and antiferromagnetism, and
conversion efficiency of charge to spin are only a few of the spintronic properties given
by 2D materials (TIs and TMDs). The improvements in SOT made possible by TIs and
TMDs have prompted extensive study on SOT devices based on 2D materials. SOTs in
TIs and TMDs are the subject of much 2D/FM heterostructure research.

The format of the chapter is outlined as follows. First, the basic working con-
cept of MTJ will be understood, with a focus on the different writing processes, as
well as the underlying physics of STT and SOT writing mechanisms, and materials
employed in conventional SOT devices. The present state of research into 2D TIs and
TMDs as a material for SOT devices is then discussed. Finally, we discuss current
difficulties and future potential in the subject.

13.2 MTJ: A NONVOLATILE MAGNETIC MEMORY

The MTJ is made up of a barrier that separates two FM layers. As shown in
Figure 13.2, the two layers are labeled free layer (FL) and pinned layer (PL). The
direction of magnetization of the FL can change, whereas the magnetization of the
PL cannot. MgO serves as a tunnel barrier between PL and FL in modern MTJs,
providing stronger tunneling magneto resistance (TMR) [22-24]. In parallel con-
figuration, both PL and FL magnetization directions are the same, while in antipar-
allel configuration, both PL and FL magnetization directions are opposite. When

(b)

PL |
Barrier |

FL

FIGURE 13.2 (a) i-MTJ with in-plane magnetization; magnetization direction is indicated
by an arrow. (b) p-MTJ with perpendicular magnetization.
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the direction of magnetization is on the plane, in-plane MTJ (i-MTJ) is used, while
perpendicular plane MTJ (p-MTJ) is used when the direction of magnetization is
perpendicular. As previously stated, p-MTJ is favored over i-MTJ because it requires

less switching current [25]. TMR is defined as TMR = M, where R,, and
R
R, denote MTJ resistance in antiparallel and parallel states, l;espectively. TMR is

reported to be 604% with MgO as a tunnel barrier, compared to 70% with Al,O;.
When it is operating in parallel mode, MTJ is said to be storing logic 1, and when it is
operating in antiparallel mode, it is said to be storing logic 0. By 2032, MTJ devices
are projected to reach a 1,000% TMR ratio, thanks to reasonable investigation of
novel materials and combinations of oxides for barrier [26,27].

Tunneling is a quantum phenomenon that occurs when the density of states (DOS)
of FM1 and FM2 differ. The DOS diagram, as illustrated in Figure 13.3a, can be used
to analyze the tunneling effect. In parallel state, since the number of spin-polarized
(spin-up and spin-down) electron states in two FM layers is the same, all spin-orien-
tated electrons in one FM layer’s Fermi level can easily tunnel into another FM layer’s
Fermi level. As a result, MTJ has a low-resistance property. In the electric transit of
the antiparallel state, however, only few electrons from FMI1 can reach FM2 because
of a mismatch in the density of states among the two FM layers. It has the potential to
provide a stronger resistance than the P state. The electrons travel through and emerge
on the other side of a thin insulating layer when a significant voltage is applied across
it, and this is known as the tunneling effect due to the quantum effect.

13.2.1  Fierp-DriveN MRAM

Various types of MRAMSs based on writing techniques in MTJ have been developed
as spintronic research has progressed, whereas the read method in MTJ is common
in all MRAMs [28]. As indicated in Figure 13.3b, the MTJ fixed layer is connected
to the MRAM bit-line. The function of the bit-line is to read the state of MTJ; on
applying bias voltages of 0.1-0.2V across the MTJ, charge current flows along the

Parallel State E LowResistance E

Magnetic Field

&S o

Anti-parallel State

(b)

FIGURE 13.3 (a) Density of states in MTJ in parallel and antiparallel states. (b) Read and
write mechanisms in MTJ using the field-driven method.
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bit-line and tunnels through the MgO barrier into the FM layer (free). As stated
earlier, the electrical resistance of the current route is determined by the direction of
magnetization of PL and FL. At ambient temperature, the resistance between the two
magnetic states can be increased by several orders of magnitude by choosing good
magnetic materials and an excellent spin filter such as MgO as a barrier between the
two FM layers.

To perform write operation, a field-driven method is used in early MRAM designs
in which magnetic fields are used to change the magnetization direction of FL as
shown in Figure 13.3b. The field-driven MRAM operation has a simple architecture,
but it poses several challenges. The magnetic field generated cannot be restricted to
a single bit-cell, and hence, it results in unwanted magnetization switching of the
neighboring bit-cell. Also, magnetic field’s generation is a power-hungry activity.
The power required to switch magnetization of each bit grows dramatically when
larger arrays are used. Switching the MTJ FL using spin-transfer torque is a more
reliable and energy-efficient approach to write MRAM compared to the field-driven
method. A more reliable and energy-efficient technique to write MRAM is to use
spin-transfer torque to switch the magnetization of the MTJ FL.

13.2.2  SpPIN-TRANSFER TORQUE-BASED MRAM (STT-MRAM)

J.C. Slonczewski. first proposed the theory of spin-transfer torque in 1989 by dem-
onstrating the transfer spin angular momentum from one FM layer to another under
a nonzero external bias [29]. Also, magnetic oscillations and even switching can
be generated by transferring enough spin angular momentum. Much progress has
been achieved in the development of STT-MRAM since then; Everspin introduced
the first commercial STT-MRAM module in 2012, while Samsung and Avalanche
Technology commercially introduced STT-MRAM in recent years.

In STT-MT]J, the magnetization of FL is switched via a STT mechanism. As
shown in Figure 13.4a, orientation of electron spin in charge current is random. The
magnetic moment of electrons and the magnetic moments of the FM layer impose
torque on each other when charge current passes through a thick magnetic layer
FML. Inside a ferromagnet, all magnetic moments point in the same direction. Due

P Barrier i STT
M1 FM2
- —
A N\ M1 A M2

M

Charge Current

PL FL
(a) (b)
FIGURE 13.4 (a) Flow of random electrons from FM1 to FM2 with distinct magnetic

moments. (b) Application of torque in the direction of FM1’s magnetization due to mismatch
in the magnetization orientation of FM2.
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to random orientation of electron spin in charge current, the magnetization direction
M1 (of FM1) is unaffected by the STT. Rather, the majority of the electrons in charge
current become spin-polarized in the direction of FM1’s magnetization M1. When
spin-polarized electrons with magnetic moment M1 pass through a second thin FM
(FM2) layer with a distinct magnetic moment M2, a torque will be applied to the
magnetic moments of FM2 by electron spins that are mismatched with the magneti-
zation of the FM2, and this torque is called as spin-transfer torque (STT). As shown
in Figure 13.4b, the torque is proportional to -M2 x (M1 x M2).

Higher efficiency in spin torque can be achieved using STT-MTIJ. Since STT-MRAM
devices share the same path for read and write operations, high writing current injected
via the tunneling barrier may result in the breakdown of the barrier oxide. A voltage
pulse of 0.45—-0.65V is delivered across the MTJ to inject the desired amount of writing
current for magnetization switching. As a result, the tunneling barrier is exposed to a
strong electric field (~109 V/m), which can result in a dielectric breakdown. The sepa-
ration of read and write routes in MTJ resolves the majority of STT-MTJ difficulties.
STT-MRAMs are now limited to applications where memory stability is highly critical
because of their less endurance, low density, and moderate power consumption. Several
researchers have proposed a three-terminal MRAM cell based on SOT mechanism in
order to have independent read and write paths in MTJ [30].

13.2.3  SpiN OrBIT TORQUE-BASED THREE-TERMINAL MRAM (SOT-MRAM)

A three-terminal SOT MRAM device is a heterostructure of FM, and a NM mate-
rial is shown in Figure 13.5a. When the charge current is injected into the NM
layer, spin-polarized electrons pile up near the heterojunction FM/NM. The spin-
polarized electrons impose a torque on the adjacent FM layer, causing switching of
magnetization and the movement of the FM layer’s domain wall. The magnetic state
of the device can be obtained by passing a small read current through the device
(Figure 13.5b). The SHE and REE effects generate SOT due to polarized spin charge
accumulation at the NM/FM heterostructure [31]. The angular momentum due to
spin and the mechanical angular momentum of the lattice can exchange angular
momentum thanks to SOC.

As a result, electrical approaches could be used to adjust magnetic order in a
more energy-efficient manner. Due to significant SOC, unpolarized current flow-
ing through NM materials causes deflection of spin-polarized electrons, result-
ing in polarized spin electron build-up at the NM/FM heterostructure as shown in
Figure 13.6a. As a result, the equation is used to express spin current due to SHE

is Js= ;Qsh (Jc xo) [32,33]. The spin Hall angle (SHA) (8sh) is a parametric
e

measure of charge-to-spin conversion efficiency in the NM layer. The sign and mag-
nitude of Osh indicate the direction of spin pile up along the NM/FM interface and
the spin current density for the in-plane current Jc, respectively. The inverse process
in which spin current is converted into charge current is also called the inverse spin
Hall effect (ISHE).

The REE is mainly due to broken inversion symmetry at the NM/FM heterojunction
as shown in Figure 13.6b. [34-36]. Conduction electrons move with velocity V near the
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Top Contact

(c)

FIGURE 13.5 (a) NM/FM heterostructure. (b) Decoupled paths for read and write mecha-
nisms in SOT-MRAM. (c) Decomposition of SOT torque components.

(b)

FIGURE 13.6 (a) Spin Hall effect and deflection of spin-polarized current. (b) Rashba—
Edelstein effect and accumulation of spin electrons at the interface of the NM and FM layer.

NM/FM spin-polarized due to the magnetic field in the direction E XV, where E is the
electric field across the heterojunction due to the broken inversion symmetry structure
as shown in Figure 13.6b. This magnetic field polarizes the conduction electrons’ spin
magnetic moments along E XV by coupling to their spin magnetic moments.

This interfacial SOC induces accumulation of spin electrons near the junction
FM/NM and exerts a torque on the FM layer. The torque T, is imposed on the
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magnetization m of the FM layer as the spin current is injected into the neighbor-
ing FM layer. The field-like torque (7;) and damping-like torque (7)) contributes
to total torque T, [37] as shown in Figure 13.5c. Damping-like torque T, =17,
mX (mXo) is the longitudinal or Slonczewski like torque, and field-like torque 7,
=1, mX o is the transverse torque, where ¢ is the polarization vector and 7, and 7,
are the magnitudes of the 7}, and T, respectively. 7, and 7, are due to contribu-
tion of both SHE and REE effects in the NM material. The SOT’s NM thickness
dependency is an effective approach to distinguish the contribution of REE and SHE
to 7, and 7,, [38,39]. The REE should be unaffected by the NM thickness; however,
the SHE should decrease as bulk dimensions decrease. However, research experi-
mental data shows that the 7, in most systems is inextricably related to SHE and that
REE mainly contributes in the development of the 7, .

13.3 SPIN ORBIT TORQUE APPLICATIONS
BASED ON 2D MATERIALS

NM materials, such as TMDs and TIs, have shown substantial efficiency in charge-
to-spin current conversion in recent advancements in discovering novel materials for
SOT device use [40]. As a result of their excellent conversion efficiency of charge to
spin, TIs and TMDs are being intensively pursued for SOT-based spintronic applica-
tions [39,41,42].

13.3.1 SOT rrom TororocicAL INsuLATORs (Tls)

TIs are quantum materials with an insulator-like bulk and topologically shielded
conducting edge states. Topological surface states (TSSs) are conducting states in
which electrons moving across a surface lock their spin momentum due to spin polar-
ization frozen in the opposite direction of their motion [43]. To create spin current,
many investigations have looked into new high-efficiency TI materials. The SHA
estimated in TIs is 3—4 orders of magnitude larger than those of typical HMs such as
W, Pt, and Ta. In this light, TI-based memory devices are ideal candidates for low-
power applications.

SOT from TIs was first proven experimentally in a Bi,Se,/Nig Fe,, bilayer 2D TI
using a spin-torque FM resonance (ST-FMR) measurement mechanism with SOT
efficiency 6,,= 203.5 [44] and in a (Bi Sb,_,),Te;/Cr-(Bi,Sb,_,,Te3 bilayer structure
by second-harmonic Hall (SHH) measurements with SOT efficiency 0,,=425 [45],
which is several orders greater than the SOT efficiency in HM. The magnetization
switching is achieved with a current density of 8.9104 A/cm?, which is several orders
lesser than those in conventional HMs. ST-FMR to investigate current-induced SOT
in Bi,Se,/Py heterostructures is shown in Figure 13.7a. As seen in Figure 13.7b, the
signal from the ST-FMR measurement displayed a massive symmetric peak, indicat-
ing a strong conventional damping-like SOT [46].

The SOTs T, and T, in Bi,Se,/Py bilayer T1 is due to the interfacial character of
the produced spin electrons from TSS and bulk SHE, respectively. However, as the
temperature drops, the observed Ty, increases significantly, Figure 13.7c, which is
not expected from the bulk SHE processes. As a result, 7, was thought to be caused
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FIGURE 13.7 (a) Schematic of the TI Bi,Se;/Py heterostructure and (b) ST-FMRR signal
for TI Bi,Se;/Py heterostructure at room temperature. Dependence on temperature of (c) SOT
(in-pane) and (d) SOT (out of plane) measured using ST-FMR in Bi,Se;/CoFeB. (Reproduced
with permission from A. R. Mellnik et al. [44] and Yi. Wang et al. [46].)

by the spin transfer of TSS generated spins. Figure 13.7c and d demonstrates the
temperature dependency of the 7}, and 7, components of SOTs, respectively. The
TI (Bi,Sb,_,),Te, has lower switching current density (/,,,) than Bi,Se, and larger SOT
as it is more insulating in the bulk. Increase in SOT efficiency and reducing J,, for
higher efficiency are potential future research paths for adopting SOT for MRAM,
which can be achieved by enhancing the interfacial spin transparency and improving
the film quality. As already stated, in a TI-based heterostructure, the carrier density
of TSS is critical in determining the SOT efficiency. Also, it has been demonstrated
that altering the proportion of Bi and Sb in (Bi,_,Sb,),Te, can tune the carrier density
of TSSs as illustrated in Figure 13.8a [47].

The highest effective field in SOT is likewise observed with the Fermi level very
near to the Dirac point, and the TSSs dominate the transport characteristics. In a TI
device with Cr-doped top gate voltage, SOT efficiency may be adjusted by a factor
of 4 [45]. When the density of carriers at the top surface is the lowest and the total
density of carriers of the surface state reaches its peak, as shown in Figure 13.8b, the
TI device has the best spin conversion efficiency. In order to achieve PMA in the T/
FM heterostructure, a HM layer is introduced between TI/FM. However, a HM layer
between the TI/FM heterostructure has the disadvantage of preventing the flow of
spin current into the FM layer. It may be desirable to use a light metal layer with a low
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FIGURE 13.8 (a) Switching current density varies as a function of Sb percentage, along with
the Fermi level shown. (b) Surface carrier density as a function of Vg. (c) Schematic of 3D
Bi,Se,_,/CoFeB TI heterostructure and SOT-induced switching of the magnetization with bias.
(Reproduced with permission from Wu et al. [47], Fan et al. [45], and Mahendra et al. [48].)

SOC strength to maintain a high SOT efficiency. PMA has been realized in Bi,Se,_,
and CoFeB stack using a thin metal layer Ta inserted between the stack as shown in
Figure 13.8c [48]. To alter the magnetization in this device, 4.3 X 10° A/cm? current
density is required. Magnetization switching due to current induced in Bi,Te;/Mo/
CoFeB, (BiSb)Te;/Mo/CoFeB, and BiSTe;/Mo/CoFeB structures has been demon-
strated using PMA [39]. The (BiSb),Te;/Mo/CoFeB device has a switching current as
low as 3x 10° A/cm? and a SOT efficiency of roughly 2.60.

13.3.2  SpiN OrBIT TORQUE FROM TMDs

Several 2D materials can be found in mass as layers closely packed with minimal
interlayer attraction, enabling exfoliation into individual, molecularly thin sheets.
Currently, graphene has been attracting most attention. TMDs, in particular, exhibit
a diverse set of optoelectronic, photonic, physical, chemical, and thermal properties.
TMDs have a hybrid structure with the typical molecular formula MX,, where M
is the transition metal from group IV (Hf, Zr, Ti, etc.), group V (Ta, Nb, V, etc.), or
group VI (W, Mo, etc.), and X is the chalcogen (Te or Se, S). The chalcogen atoms are
arranged in two hexagonal surfaces separated by a layer of transition metal atoms in
these materials, forming a layered structure with the arrangement X-M-X. The adja-
cent layers, like graphene, are bound together by weak van der Waals interactions,
allowing for physical or chemical abrasion into single or few-layer structures.

As per the stacking sequence and coordination of transition metal atoms, the bulk
crystal can have a range of polytypes. TMDs have rhombohedral or hexagonal global
symmetry, and the metal atoms are coordinated in octahedral (1T) or trigonal pris-
matic (2H) ways. Monolayer and few-layer TMDs display a variety of fascinating
features not found in their conventional materials due to quantum confinement and
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surface impact at lower dimensions. Indirect band gaps exist in bulk semiconduct-
ing trigonal prismatic TMDs, although direct band gaps exist in monolayer forms.
Logic circuits, increased photoluminescence, and field effect transistor applications
can benefit from this alteration.

With ST-FMR measurement, current-induced SOT has been demonstrated in a
2D vdW heterostructure MoS2/Py [49]. In this technique, magnetization precession
is driven by Oersted field torque 7}, and SOT induced by in-plane current [50]. A DC
voltage is created by combining microwave current and oscillating magnetoresis-
tance, and it is made up of antisymmetric and symmetric Lorentzian functions. The
antisymmetric and symmetric Lorentzian peaks are caused by T,,, Ty, and T). The
symmetric peak’s computed amplitude was around four times that of the antisym-
metric peak. These findings show that in the MoS,/Py 2D heterostructure, T}, is
dominant due to the interfacial effect, and the torque ratio is found to be 7y, /T),,=
0.19+0.015.

Current-induced SOT has been demonstrated in 2D heterostructures MOS,/
CoFeB and WSe,/CoFeB using the SHH technique [51]. The torque 7, makes a
significant contribution to SOT, whereas T}, contribution is negligible. With spin
current conductivities of 2.9 x 103 and 5.5 % 10° (h/2e)/(Qm), respectively, the SOT
efficiency is recognized in MOS, and WSe,. In addition, as illustrated in Figure 13.9a
and b, the torque ratios of 7, and T}, in WS,/Py heterostructures are proportional
to the change in the back-gate voltage [52]. The torque ratio can be improved by a
factor of 4 by varying the gate voltage from —60 to 60V, as shown in Figure 13.9c.
The ability to modulate SOTs with electrical voltage effectively offers up new pos-
sibilities for building and using SOT devices in logic applications, data processing,
and storage applications.

Energy-efficient SOT devices can be realized using 2D semimetals with high con-
ductivity. There is significant power consumption in 2D vdW semiconductors due
to the majority of the current flowing through the FM layer. 2D semimetals such as
WTe, demonstrated a strong substantial spin orbit coupling as well as a spin momen-
tum locking effect [53,54]. SOTs T,, and T, are 0.029 and 0.033, respectively,
according to ST-FMR measurements. SHH measurements are also used to verify the
SOTs. Magnetization switching in WTe,/Py heterostructures has been demonstrated
with T, larger than 0.51 and a current density of 105 A/cm? [55] (Figure 13.10).

(a)

FIGURE 13.9 (a) ST-FMR measurement with WS,/Pygeometry. (b) Schematic of the WS2/
Py heterostructure device geometry. A gate voltage Vg is applied across SiO, and Py. (c) Ratio
of Tp,, /T, controlled by Vg. (Reproduced with permission from Lv et al., [52] Copyright 2018
American Chemical Society.)
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FIGURE 13.10 (a) Schematic of the WTe,/Py bilayer. (b) ST-FMR shows antisymmetric
components detected at a magnetic field with various orientations. (Reproduced with permis-
sion from MacNeill et al. [53].)

2D semimetals such as 1T-MoTe, maintains bulk inversion symmetry while hav-
ing only one mirror plane for surface symmetry [56]. The conductivity of the spin
current with the out-of-plane 7,, caused by inversion symmetry breaking at the
interface of MoTe, is 1.0 x 103 (h/2e) (Am)-!, when the switching current is oblique to
the plane of single mirror, which is about 34% that of WTe,. Also, MoTe, has a large
SHA of 0.32 and a long spin-diffusion length of 2.2 um, indicating that MoTe, is an
ideal option for simultaneous spin creation, detection, and transport [57]. It has been
demonstrated that switching of magnetization in MoTe,/Py, with a critical current
density of 105 A/cm?, is the same as that of heterostructureW Te,/Py [58].

13.4 CONCLUSIONS

Nonvolatile memory MRAM plays a vital role in neuromorphic computing for
high-demand data processing applications. SOT MRAM offers more versatility and
reduces the risk of oxide breakdown as opposed to STT-MRAMs. In the conventional
SOT design, however, a large current through the NM increases the risk of electro-
migration and SOT efficiency is also not significant in conventional SOT MRAMs
with heavy metals. Techniques such as heterostructure engineering are being used
in research to enhance the efficiency of SOT and hence minimize switching current.
Novel 2D materials, such as TMDs and TIs, are also being investigated to further
minimize the write current in SOT. However, unusual material engineering chal-
lenges such as compatibility of the material with the conventional Si platform require
further investigation.

The materials available for creating SOTs are vast and varied. 2D materials having
a high SOC, such as TIs and TMDs, have a high spin conductivity and efficiency. The
field-like torque, along with damping-like torque, has been discovered in 2D materi-
als to play a significant role in determining the switching dynamics in SOT, and it
may also result in backward switching. The successful modulation of SOT perfor-
mance by electrical voltage suggests that the concept of modulated SOT performance
is feasible. Despite their benefits, most reported TIs and TMDs have low electrical
conductivities, and finding TIs and TMDs with high conductivities and strong SOCs
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is difficult. We should expect the SOC phenomenon to continue to develop spintronic
applications for new, long-lasting technologies if previous explosive research studies
are any indicator of future scientific and engineering breakthroughs.

REFERENCES

[1] Zahedinejad, M., et al., Two-dimensional mutually synchronized spin Hall nano-
oscillator arrays for neuromorphic computing. Nature Nanotechnology, 2020. 15(1):
p. 47-52.

[2] Chen, Y., et al., Neuromorphic computing’s yesterday, today, and tomorrow—an evolu-
tional view. Integration, 2018. 61: p. 49—-61.

[3] Boybat, I., et al., Neuromorphic computing with multi-memristive synapses. Nature
Communications, 2018. 9(1): p. 1-12.

[4] Grollier, J., D. Querlioz, and M.D. Stiles, Spintronic nanodevices for bioinspired com-
puting. Proceedings of the IEEE, 2016. 104(10): p. 2024-20309.

[5] Kurenkov, A., et al., Artificial neuron and synapse realized in an antiferromagnet/fer-
romagnet heterostructure using dynamics of spin—orbit torque switching. Advanced
Materials, 2019. 31(23): p. 1900636.

[6] Huff, H., et al., High-k gate stacks for planar, scaled CMOS integrated circuits.
Microelectronic Engineering, 2003. 69(2—4): p. 152-167.

[7] Keller, R., D. Kramer, and J.-P. Weiss, Facing the Multicore-Challenge 1I: Aspects of
New Paradigms and Technologies in Parallel Computing. Vol. 7174. 2012: Springer.

[8] Null, L. and J. Lobur, Essentials of Computer Organization and Architecture. 2014:
Jones & Bartlett Publishers.

[9] Endoh, T., et al., An overview of nonvolatile emerging memories—Spintronics for
working memories. I[EEE Journal on Emerging and Selected Topics in Circuits and
Systems, 2016. 6(2): p. 109-119.

[10] Bldsing, R., et al., Magnetic racetrack memory: From physics to the cusp of applications
within a decade. Proceedings of the IEEE, 2020. 108(8): p. 1303-1321.

[11] Rashba, E. and V. Sheka, Combinational resonance of zonal electrons in crystals having
a zinc blende lattice. Soviet Physics-Solid State, 1961. 3(6): p. 1257-1267.

[12] Fukami, S., et al., Magnetization switching by spin—orbit torque in an antiferromagnet—
ferromagnet bilayer system. Nature Materials, 2016. 15(5): p. 535-541.

[13] Han, X., et al., Spin-orbit torques: Materials, physics, and devices. Applied Physics
Letters, 2021. 118(12): p. 120502.

[14] Nguyen, M.-H., D. Ralph, and R. Buhrman, Spin torque study of the spin Hall conduc-
tivity and spin diffusion length in platinum thin films with varying resistivity. Physical
Review Letters, 2016. 116(12): p. 126601.

[15] Pai, C.-F,, et al., Dependence of the efficiency of spin Hall torque on the transparency
of Pt/ferromagnetic layer interfaces. Physical Review B, 2015. 92(6): p. 064426.

[16] Gong, C. and X. Zhang, Two-dimensional magnetic crystals and emergent heterostruc-
ture devices. Science, 2019. 363(6428).

[17] Cao, Y., et al., Prospect of spin-orbitronic devices and their applications. IScience,
2020. 23(10): p. 101614.

[18] Hidding, J. and M.H. Guimarées, Spin-orbit torques in transition metal dichalcogen-
ides/ferromagnet heterostructures. Frontiers in Materials, 2020. 7: p. 383.

[19] Liu, L., et al., Current-induced switching of perpendicularly magnetized magnetic lay-
ers using spin torque from the spin Hall effect. Physical Review Letters, 2012. 109(9):
p- 096602.

[20] Miron, I.M., et al., Perpendicular switching of a single ferromagnetic layer induced by
in-plane current injection. Nature, 2011. 476(7359): p. 189-193.



286 Emerging Low-Power Semiconductor Devices

[21] Manchon, A., Rashba spin—orbit coupling in two-dimensional systems, in Spintronic
2D Materials. 2020: Elsevier. p. 25-64.

[22] Baibich, M.N., et al., Giant magnetoresistance of (001) Fe/(001) Cr magnetic superlat-
tices. Physical Review Letters, 1988. 61(21): p. 2472.

[23] Wang, D., et al., 70% TMR at room temperature for SDT sandwich junctions with
CoFeB as free and reference layers. IEEE Transactions on Magnetics, 2004. 40(4): p.
2269-2271.

[24] Yuasa, S., et al., Giant room-temperature magnetoresistance in single-crystal Fe/MgO/
Fe magnetic tunnel junctions. Nature Materials, 2004. 3(12): p. 868—871.

[25] Johnson, M., et al., Magnetic anisotropy in metallic multilayers. Reports on Progress in
Physics, 1996. 59(11): p. 1409.

[26] Inomata, K., et al., Large tunneling magnetoresistance at room temperature using a
Heusler alloy with the B2 structure. Japanese Journal of Applied Physics, 2003. 42(4B):
p. L419.

[27] Hirohata, A., et al., Roadmap for emerging materials for spintronic device applications.
IEEE Transactions on Magnetics, 2015. 51(10): p. 1-11.

[28] Engel, B., et al., A 4-Mb toggle MRAM based on a novel bit and switching method.
IEEE Transactions on Magnetics, 2005. 41(1): p. 132—136.

[29] Slonczewski, J.C., Current-driven excitation of magnetic multilayers. Journal of
Magnetism and Magnetic Materials, 1996. 159(1-2): p. L1-L7.

[30] Qiu, X., et al., Characterization and manipulation of spin orbit torque in magnetic het-
erostructures. Advanced Materials, 2018. 30(17): p. 1705699.

[31] Koo, H.C., et al., Rashba effect in functional spintronic devices. Advanced Materials,
2020. 32(51): p. 2002117.

[32] Hirsch, J., Spin hall effect. Physical Review Letters, 1999. 83(9): p. 1834.

[33] Kato, Y.K., et al., Observation of the spin hall effect in semiconductors. Science, 2004.
306(5703): p. 1910-1913.

[34] Dyakonov, M.L. and V. Perel, Current-induced spin orientation of electrons in semicon-
ductors. Physics Letters A, 1971. 35(6): p. 459-460.

[35] Edelstein, V.M., Spin polarization of conduction electrons induced by electric current
in two-dimensional asymmetric electron systems. Solid State Communications, 1990.
73(3): p. 233-235.

[36] Meijer, F., et al., Universal spin-induced time reversal symmetry breaking in two-
dimensional electron gases with Rashba spin-orbit interaction. Physical Review Letters,
2005. 94(18): p. 186805.

[37] Avci, C.O., et al., Fieldlike and antidamping spin-orbit torques in as-grown and annealed
Ta/CoFeB/MgO layers. Physical Review B, 2014. 89(21): p. 2144109.

[38] Sanchez, J.R., et al., Spin-to-charge conversion using Rashba coupling at the interface
between non-magnetic materials. Nature Communications, 2013. 4(1): p. 1-7.

[39] Shao, Q., et al., Room temperature highly efficient topological insulator/Mo/CoFeB
spin-orbit torque memory with perpendicular magnetic anisotropy. in 2018 IEEE
International Electron Devices Meeting (IEDM). 2018: IEEE.

[40] Husain, S., et al., Emergence of spin—orbit torques in 2D transition metal dichalcogen-
ides: A status update. Applied Physics Reviews, 2020. 7(4): p. 041312.

[41] Liu, Y. and Q. Shao, Two-dimensional materials for energy-efficient spin—orbit torque
devices. ACS Nano, 2020. 14(8): p. 9389-9407.

[42] Shin, L, et al., Spin-orbit Torque Switching in an All-Van der Waals Heterostructure.
arXiv preprint arXiv:2102.09300, 2021.

[43] Soumyanarayanan, A., et al., Emergent phenomena induced by spin—orbit coupling at
surfaces and interfaces. Nature, 2016. 539(7630): p. 509-517.

[44] Mellnik, A., et al., Spin-transfer torque generated by a topological insulator. Nature,
2014. 511(7510): p. 449-451.



2D Materials for Spin Orbital Torque MRAM 287

[45] Fan, Y., et al., Electric-field control of spin—orbit torque in a magnetically doped topo-
logical insulator. Nature Nanotechnology, 2016. 11(4): p. 352-359.

[46] Wang, Y., et al., Topological surface states originated spin-orbit torques in Bi 2 Se 3.
Physical Review Letters, 2015. 114(25): p. 257202.

[47] Wu, H., et al., Room-temperature spin-orbit torque from topological surface states.
Physical Review Letters, 2019. 123(20): p. 207205.

[48] Mahendra, D., et al., Room-temperature high spin—orbit torque due to quantum confine-
ment in sputtered Bi x Se (1-x) films. Nature Materials, 2018. 17(9): p. 800-807.

[49] Zhang, W., et al., Research Update: Spin transfer torques in permalloy on monolayer
MoS2. APL Materials, 2016. 4(3): p. 032302.

[50] Manchon, A., et al., Current-induced spin-orbit torques in ferromagnetic and antifer-
romagnetic systems. Reviews of Modern Physics, 2019. 91(3): p. 035004.

[51] Shao, Q., et al., Strong Rashba-Edelstein effect-induced spin—orbit torques in mono-
layer transition metal dichalcogenide/ferromagnet bilayers. Nano Letters, 2016. 16(12):
p. 7514-7520.

[52] Lv, W., et al., Electric-field control of spin—orbit torques in WS,/permalloy bilayers.
ACS Applied Materials & Interfaces, 2018. 10(3): p. 2843-2849.

[53] MacNeill, D., et al., Control of spin—orbit torques through crystal symmetry in WTe,/
ferromagnet bilayers. Nature Physics, 2017. 13(3): p. 300-305.

[54] MacNeill, D., et al., Thickness dependence of spin-orbit torques generated by WTe,.
Physical Review B, 2017. 96(5): p. 054450.

[55] Shi, S., et al., All-electric magnetization switching and Dzyaloshinskii—Moriya interac-
tion in WTe,/ferromagnet heterostructures. Nature Nanotechnology, 2019. 14(10): p.
945-949.

[56] Stiehl, G.M., et al., Layer-dependent spin-orbit torques generated by the centrosym-
metric transition metal dichalcogenide B— MoTe,. Physical Review B, 2019. 100(18): p.
184402.

[57] Song, P, et al., Coexistence of large conventional and planar spin Hall effect with
long spin diffusion length in a low-symmetry semimetal at room temperature. Nature
Materials, 2020. 19(3): p. 292-298.

[58] Liang, S., et al., Spin-orbit torque magnetization switching in MoTe,/permalloy hetero-
structures. Advanced Materials, 2020. 32(37): p. 2002799.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


https://taylorandfrancis.com

Index

abrupt doping 213

actual sampling 231

ADC 231

ADEL 6

AlGaN/GaN 260

AIN 53

ambipolar 2, 41
amplification factor 182
analog 35

analytical modeling 19, 34
array 214

aspect ratio 24

atomic layer deposition 86

ballistic 34, 35

band gap 40

bandgap narrowing 40, 114, 156

band-to-band tunneling (BTBT) 2, 20-22, 53-55,
57,107, 112

barrier energy 2

BaTiO, 184, 185, 188

biomedical 255, 257

biosensors 255, 257, 260, 264, 266

blocking layer 204

body factor 181

Bohm Quantum Potential Model (BQP) 156

Boltzmann constant 119, 128

Boltzmann distribution 51

Boltzmann factor 181

Boltzmann statistics 3

BTBT see band-to-band tunneling (BTBT)

Cadence manual 14

capacitance 175

carbon nanotubes (CNTs) 264

cascaded current mirrors 84

cascaded stage delay 84

CdS 53

CdSe 53

channel engineering 19

channel length modulation (CLM) 19, 25,
108, 111

channel thickness 3

characteristic-length 72

charge-based modeling 20

charge of electron 4

charge sheet approximation 35

charge trap flash 200

charge trapping materials 198, 199

Cheung’s method 135, 136

chip 28

CLM see channel length modulation (CLM)

clocked inverter 235

CMOS see complementary metal oxide
semiconductor (CMOS)

CNTs see carbon nanotubes (CNTs)

coercive field 184

comparator 231, 233, 241

complementary metal oxide semiconductor
(CMOS) 1, 20, 38, 39, 40, 47, 48, 50,
52,53, 109, 111, 113, 122, 155, 177,
181, 192, 255, 256, 257, 263, 268, 273

continuity equations 156

CPU 273, 274

Crowell-Sze Impact Ionization Model 156

crystal 2

Curie temperature 178

current mirror 83

cut-off frequency 14, 161, 167

cylindrical MOSFET 31

degradation 50, 153

density of states 276

depletion region lengths 72

design optimisation 92

device 107, 108

D-flip-flops 6, 8, 9, 10, 11

DGTFET 2,5,6,7,8,9, 11, 15, 16, 20, 28, 30, 31,
33,37, 40,43

diamond SBD 128, 138, 139, 140

dielectric material 32, 38, 39

digital 11

DNA 260, 268

doping concentration 88

double gate heterostructure PNPN tunnel 69

drain capacitance 15

drain current 107

drain induced barrier lowering (DIBL) 19, 25, 27,
41, 44, 50, 108, 111, 153, 257

DRAM see dynamic random access
memory (DRAM)

drive current 12

dual-material-gate (DMG) FET 30, 32

dynamic power dissipation 52, 177

dynamic random access memory (DRAM) 256

early voltage 160

EEPROM see electrically erasable programmable
read-only memory (EEPROM)

effective mass 4

electric field 107

electrically erasable 200

289



290

electrically erasable programmable read-only
memory (EEPROM) 200

electrostatic discharge 80

encoder 236, 239

energy 4

energy band diagram 115

equivalent oxide thickness 198, 199

erase speed 212

etching 86

fat tree encoder 237

Fermi—Dirac distribution function 55, 56, 58

Fermi-Dirac function 51

Fermi—Dirac statistics 3, 157

Fermi distribution 51

Fermi energy 4

Fermi level 276, 281

ferroelectric capacitance 184

FET 25, 107, 110, 175, 255, 256, 259, 264, 268

fifth-generation (5G) 198

fin height 155

FinFET 110, 153, 154, 155, 158, 160, 161, 162,
165, 169, 185, 191, 193

finite element modeling 20, 35

flash ADC 241, 243

flash memory 200

flicker noise 95

flip-flop 8, 9, 15

floating metal ring (FMR) 139

4H-SiC 128

4H-SiC SBD 140

Fowler Nordheim (FN) Tunneling 204, 205

fringing field effects 158

GAA FETs 34, 35, 53, 109, 110, 158, 160
gain bandwidth product 14, 161

GaN 53, 109, 127, 128, 129, 130, 140
GaSb 2, 13

gate all around (GAA) 110, 154

gate capacitance 54

gate-induced drain leakage (GIDL) 50
gate length 3, 155

gate oxide leakage 19, 26

gate stack 202

gate work-function 3

Gibbs free energy 179

GIDL see gate-induced drain leakage (GIDL)
Gordon Moore’s 19, 20, 21, 44

gradual channel approximation (GCA) 35
graphene 258, 260, 261

gray code 240

group velocity 58

Halo-Doped Tunnel FET 20
HEMTs 260

heterojunction 2
heterojunction TFET 87

Index

heterostructure PNPN TFET 70

HfO, 38, 175, 187, 189, 190

high-K 19, 26, 31, 32, 38, 39, 109, 111, 114, 119,
153, 154, 158, 162, 164, 165, 167, 171

high-K dielectric 26

high-k spacer 155

homojunction vertical TFET 86

hot carrier effects (HCEs) 19, 25, 31, 108, 111

hot-carrier injection 241, 243

hot electrons 26

HSPICE 241, 243

hydrodynamic model 3

IBM 20, 109

ICs see integrated circuits (ICs)

1G mode 16

IGBT 133

impact ionization (IMOSFET) 177, 187

impact ionization effects 26, 257

impedance area 97

In203 53

InAs 1,2

InN 53

InP 53, 109

input frequency 15

InSb 2, 13

insulator 26

integrated circuits (ICs) 20, 21, 28, 34, 47, 52,
108, 110, 111, 112, 255, 256

integrated circuit technology 273

Intel 109

International Roadmap for Semiconductors
(ITRS) 52, 53, 176, 256

internet of things (IoT) 273

intrinsic gain 160

inverter 20, 227

InP 110

JAM-GAA 153

JFET 108, 112, 113, 114, 115
JLTFET 115, 117, 118, 119, 120, 122
junctionless tunnel FETs 107

Kane’s model 40, 96, 114, 117
Klaassen Band-to-Band Tunneling Model 156

Landau parameters 178

Landauer approach 51

Langevin pressure 97

LASERs 110

lateral parasitic tunnelling current 99
lateral tunneling 23

leakage current 108

LEDs 110

LFSR see linear feedback shift register (LFSR)
lightly doped drain (LDD) 27

line tunneling 3, 22, 23, 24



Index

linear feedback shift register (LFSR) 11

liquid-crystal display (LCD) displays 200

L-K Model 192

logic circuits 9, 14

low-K 33

low-power 2, 107, 108, 111, 112, 122, 199, 255,
256, 257,266

low-power applications 153, 175

low-power devices 19, 34

low-power RF 16

magnetic memory 273, 275

the magnetic tunnel junction (MTJ) 274, 275,
276,277,278

magneto resistance random-access memory
(MRAM) 273, 274, 277, 275, 276,
278,284

memory devices 202

memory margin 207

memory technology 200

metal-oxide-semiconductor (MOS) 2, 21, 30, 107
metal oxide semiconductor field effect transistors

(MOSFETs) 19, 21, 24, 26, 27, 33, 35,
47, 48, 49, 50, 51, 52, 54, 108, 109,
110, 112, 184, 187, 189, 191, 256, 257

MFIS 175, 181

MEMIS 175, 181

MgO 275, 276, 277

microelectronics 108

microwave 35

miller capacitance 5, 99

mobility 40, 50, 114, 134, 153

model 57

modeling 19, 34

molecular beam epitaxy 85

molybdenum 38

Monte Carlo modeling 20

Monte Carlo technique 37

Moore’s Law 1, 47, 48, 110, 176

MOS see metal-oxide-semiconductor (MOS)

MoS2 110, 283

MOSFET see metal oxide semiconductor field
effect transistors (MOSFETSs)

MRAM see magneto resistance random-access
memory (MRAM)

MT]J see The magnetic tunnel junction (MTJ)

multi-level cell 208

MUX-Based Encoder 237, 238, 237, 238

NAND 188

NAND array 214, 215, 214, 215
NAND flash 215, 215

NAND gate 6, 7, 8, 10, 15, 16, 240, 241
nanoelectromechanical FET 177
nanoelectronics 107, 109

nanoscale transistors 110
nanotechnology 20

291

nanowire FETs 265

National Technology Roadmap for
Semiconductors (NTRS) 256

NCFET 175, 181, 183, 184, 185, 187, 188, 189,
190, 191, 192, 193

N-curve 85

negative capacitance 175, 178, 180, 184, 190

Neumann computing 273

neuromorphic Computing 273

noise performance 95, 95

nonlocal BTBT 40, 114, 116, 117

nonvolatile 273

nonvolatile memory devices 203

NOR 188

NOR array 214, 215

NOR flash 215

Norde’s model 135, 136

NTFET 8

numerical modeling 20, 35

NWFET 255, 257, 265, 268

off current 158

OFF state 22, 55, 56, 108, 115, 120, 121, 122
OFF state Fin width 155

organic SBD 128, 134, 137, 140

output conductance 5, 13, 160

overlapping band 82

oxide thickness 155

parabolic approximation 71

perpendicular magnetic anisotropy (PMA) 275

pH sensing 257

photomask 214

physical thickness 199

physics 3

p-i-n structure 1, 21, 54

Planck’s constant 4

PMA see perpendicular magnetic
anisotropy (PMA)

point tunneling 4

Poisson equations 25, 156

positive-edge-triggered 9

potential build-up 90

potential distribution 108

potential function 71

power consumption 14, 15, 28

power dissipation 47, 52

PRBS generator 6, 11, 12, 13, 15

program/erase operation 204

programmable 200

propagation delay 14, 16

punch-through effect 111

quadrature phase shift keying (QPSK) 2, 6, 9, 11,
14, 15, 16

quantum capacitance 90

quantum hydrodynamic (QHD) models 35



292

quantum mechanics 56
quantum-mechanical effects 50
quantum tunneling effects 110, 112
quasi transport model 34

quasi transport modeling 19

radiation reliability 94

radio frequency 35

Rashba—Edelstein effect (REE) 274

read-only memory 200

read operation 206

recombination 40, 114

recombination model 3

reduced subthreshold slope (SS) 108

REE see Rashba—Edelstein effect (REE)

reliability 175

remnant polarization 184

RESET 8

resistive random-access memory (RRAM) 274

retention 207, 208, 209

Richardson constant 128

roll-off 111

ROM based encoder 237

RRAM see resistive random-access
memory (RRAM)

sample and hold circuit 227, 234

SBD 128, 129, 130, 131, 132, 135

scaling 19, 20, 24, 27, 28, 47, 48, 50, 107, 108,
110, 111, 255

scaling Boltzmann Tyranny limit 177, 178

scattering 3

SCEs see short-channel effects (SCEs)

schematic 3

Schottky barriers 89

Schottky diodes 127

Schrodinger 35

screening Length 57

semiconducting transistor 108

semiconductor 1, 21, 34

semiconductor devices 47, 54

semiconductor industry 28

sensitivity 255, 257, 262, 263, 264, 265, 268

SET 8,9

shallow trench in isolation 86, 86

Shockley—Read—Hall (SRH) 3

short-channel effects (SCEs) 28, 33, 44, 50, 110,
111, 121, 122, 158, 165, 175, 187, 190

shot noise 96, 96

Sil-xGe 57

Si;N, 3

SiC 109, 110, 127, 133, 135

sidewall 85

SiGe 109

silicon-on-insulator 107, 111

silicon technology 111

Silvaco 155

Index

simulation 2, 6, 19, 35, 40, 41

single level cell 208

Si0, 26, 31, 32, 38, 48, 108, 114, 155, 162, 163,
165, 167, 171

SOC see spin orbit coupling (SOC)

soft error rate 94

solar cells 110

SONOS 200, 202

SOT see spin orbit torque (SOT)

source line 215

spin FETs 54

spin hall effect 274

spin orbit coupling (SOC) 274, 275, 278, 284, 285

spin orbit torque (SOT) 274, 278, 279, 280, 281,
282,283, 284

spin-transfer torque (STT) 274, 275, 277

SRH model 156

static power consumption 22

steep subthreshold slope 180

stream generator 13

STT see spin-transfer torque (STT)

subthreshold current 122

subthreshold leakage 111

subthreshold slope 27

subthreshold swing 1, 50, 153, 199

supply voltage 15

surface potential 20, 41, 74, 75, 177

switching ratio 158

Synopsys 2

TAHOS 201, 202, 209

TANOS 200, 201, 202

Taylor series expansion 58

technology computer-aided design (TCAD)
2,171

temperature 2

TFETs see tunnel field effect transistors (TFETS)

TFET-based memory 212

TFET-Based SRAM 84

TFET TAHOAOS 213

TFETs Wentzel-Kramers—Brillouin (WKB)
approximation 56

thermal noise 96

thin film transistor 200

threshold voltage 15, 25, 38, 107, 108, 111,
116, 153

threshold voltage roll-off 20, 50, 153

timing diagram 8, 9, 10, 13

TiO, 112, 113, 114, 155, 162, 163, 165, 169, 171

TMDs see transition metal dichalcogenides
(TMDs)

topological insulators 273

transconductance 108, 158

transconductance frequency product 161

transconductance generation factor (TGF) 158

transient analysis 14, 175

transistors 2, 50, 175



Index

transition metal dichalcogenides (TMDs)
103, 273, 275, 282, 283, 284

transmission 89

transmission gate 235

trap-assisted tunnelling 95

traps 32

triangular tunneling barrier 56

triple-level cell 209

T-shaped tunnelling field-effect transistor 98

tunnel 2

tunnel FET 19, 21, 37, 38, 44, 47, 58, 177, 187

tunnel field effect transistors (TFETs) 1, 2, 20,
21, 38, 39, 41, 54, 55, 57, 115, 116, 117,
118, 119, 120, 122

tunneling 50, 111

tunneling barrier 4

tunneling length 4, 5

tunneling magneto resistance (TMR) 275, 276

tunneling path 57

tunneling probability 56, 57, 58

tunnelling layer 203

2D Materials 273, 275, 282, 284

2D Poisson’s equation 70

ULSI 153
unity gain 14

valance band 51

variability 214

variation 102

velocity saturation 19, 26

Verilog-A 92

vertical TFET 98

very large-scale integration (VLSI)
27,34,35

Vt roll-off 38, 39, 41

Wallace tree encoder 237
wireless communications 16
work function 41, 155

work function engineering 28
world line 215

write mode 85

writing assist 85, 85

XOR 8,9, 11, 16, 237, 238

Z shaped TFET 99

Zener breakdown 58

ZnO 53, 127, 128, 134, 135, 136, 140
ZnS 53, 109

ZnSe 53

293



Taylor & Francis Group
an informa business

Taylor & Francis eBooks

www.taylorfrancis.com

A single destination for eBooks from Taylor & Francis
with increased functionality and an improved user
experience to meet the needs of our customers.

90,000+ eBooks of award-winning academic content in
Humanities, Social Science, Science, Technology, Engineering,
and Medical written by a global network of editors and authors.

TAYLOR & FRANCIS EBOOKS OFFERS:

Improved
A streamlined A single point search and

experience for of discovery discovery of

our library for all of our content at both
customers eBook content book and
chapter level

REQUEST A FREE TRIAL

support@taylorfrancis.com

£} Routledge

-1 Taylor & Francis Group



mailto:support@taylorfrancis.com
http://www.taylorfrancis.com

	Cover
	Half Title
	Title Page
	Copyright Page
	Table of Contents
	Editors
	Contributors
	Chapter 1 Role of TFET Devices and Their Performance Analysis for Wireless Communications
	1.1 Introduction
	1.2 Description and Simulation of the Device
	1.3 Results and Discussion
	1.3.1 Realization of Leaf Cells Using IG HJ-DGTFET
	1.3.1.1 Realization of NAND Logic Circuit
	1.3.1.2 Realization of X-OR Logic Circuit

	1.3.2 Realization of D Flip-Flop
	1.3.3 Realization of the QPSK System
	1.3.3.1 Realization of PRBS Generator
	1.3.3.2 Realization of the Even/Odd Stream Generator

	1.3.4 Performance Analysis of the QPSK System
	1.3.4.1 Device Level Performance Metrics
	1.3.4.2 Circuit-Level Performance Metrics


	1.4 Conclusions
	References

	Chapter 2 Modeling and Simulation of Emerging Low-Power Devices
	2.1 Introduction
	2.2 Gordon Moore’s Law Scaling
	2.3 Basics of Tunnel FET
	2.3.1 Components of Tunnel FET
	2.3.2 Scaling of MOSFET

	2.4 Short-Channel Effects
	2.4.1 Drain-Induced Barrier Lowering
	2.4.2 Channel-Length Modulation
	2.4.3 Hot Carrier Effects
	2.4.4 Velocity Saturation
	2.4.5 Gate Oxide Leakage

	2.5 Nonclassical MOSFET Structures
	2.6 Engineering Techniques
	2.6.1 Multigate Architectures
	2.6.2 Gate Oxide Engineering
	2.6.3 High-K Gate Dielectrics
	2.6.4 Stacked Gate Oxide Structure
	2.6.5 Channel Engineering

	2.7 Modeling Techniques of Low-Power Devices
	2.7.1 Analytical Modeling
	2.7.2 Quasi Transport Modeling
	2.7.3 Charge-Based Modeling
	2.7.4 Numerical Modeling
	2.7.5 Finite Element Modeling
	2.7.6 Finite Difference Modeling
	2.7.7 Monte Carlo Modeling

	2.8 Double-Halo Gate-Stacked Triple-Material Double L-Gate TFET: Performance Analysis
	2.8.1 Threshold Voltage Modeling

	2.9 Implementation of CMOS Inverter in Halo-Doped Tunnel FET
	2.10 Performance Investigation of DH-GS-TM-DG TFET
	2.10.1 Surface Potential Analysis
	2.10.2 Lateral Electric Field Analysis
	2.10.3 Effective Oxide Thickness
	2.10.4 Threshold Voltage Roll-Off

	2.11 Conclusions
	References

	Chapter 3 Tunnel Field-Effect Transistor: An Energy-Efficient
Semiconductor Device
	3.1 Evolution of MOSFET
	3.1.1 Moore’s Law
	3.1.2 Methods of Scaling
	3.1.3 Challenges in CMOS-Device Scaling
	3.1.4 Power Dissipation in Integrated Circuits

	3.2 Emergence of New Devices
	3.2.1 Devices for Extension of CMOS
	3.2.2 Devices beyond CMOS

	3.3 Tunnel Field-Effect Transistors (TFETs)
	3.3.1 Tunneling Probability
	3.3.2 Band-to-Band Generation and Conduction Current in TFETs
	3.3.3 Behavior in the Subthreshold Region

	3.4 Ambipolar Conduction: A Major Drawback of TFETs
	3.4.1 Asymmetric Gate-Drain Overlap
	3.4.2 Dielectric-Engineered Tunnel FETs

	3.5 Conclusions
	References

	Chapter 4 Analytical Modeling of Surface Potential of a Double-Gate Heterostructure PNPN Tunnel FET
	4.1 Introduction
	4.2 Structure of the Device and the Modeling Approach
	4.3 Discussion on the Results
	4.4 Conclusions
	References

	Chapter 5 Impact of Semiconductor Materials and Architecture Design on TFET Device Performance
	5.1 Introduction
	5.2 Operating Principle of TFET
	5.3 Structure of TFET
	5.4 Device Design and Implementation
	5.5 Circuit Design for TFET Performance
	5.5.1 Current Mirror Circuit
	5.5.2 TFET-Based SRAM

	5.6 TFET Fabrication and Characteristics
	5.6.1 Homojunction Vertical TFET Fabrication
	5.6.2 Heterojunction TFET Design and Fabrication
	5.6.3 Effect of Doping Concentration
	5.6.4 Subthreshold and Output Characteristics

	5.7 TFET Circuit Evaluation Methods
	5.7.1 TFET Circuits and Current Mode Logic
	5.7.2 Design Optimisation
	5.7.3 Evaluation of the Security of TFET-Based CML Gates

	5.8 Performance and Reliability Issues
	5.8.1 Radiation Reliability of Low-Power Devices
	5.8.2 Models of Threshold Voltage
	5.8.3 Noise Performance in TFET and Characteristics
	5.8.4 Shot Noise Tunnel Junction
	5.8.5 Thermal Noise in Channel

	5.9 Disadvantage of Silicon-Based TFETs
	5.10 III-V-TFET Structures
	5.10.1 T-Shaped Tunnelling Field-Effect Transistor
	5.10.2 Vertical TFET
	5.10.3 Z-Shaped TFET

	5.11 Miller Capacitance in TFET
	5.12 CV Characteristics and Material Properties
	5.13 Variation Impact on TFET Modelling and Low-Voltage Effect
	5.14 Application of TFET Devices
	5.15 Optimisation and Future Design of TFETs
	5.16 Conclusions
	References

	Chapter 6 Performance Analysis of Emerging Low-Power Junctionless Tunnel FETs
	6.1 Introduction
	6.2 MOS Transistor: Evolution
	6.3 Nanoelectronics Era
	6.4 Device Scaling
	6.5 Impact of Scaling on Device Performance
	6.6 Silicon-On-Insulator (SOI) FET Technology
	6.7 Novel Low-Power BTBT FET
	6.8 Multigate JLTFET
	6.8.1 Dual Material Double-Gate Junctionless Tunnel FET (DMDG JLTFET)
	6.8.2 Dielectric-Modulated DMDG JLTFET

	6.9 Performance Investigation of DMDG JLTFET
	6.9.1 Vertical Electric Field Profile
	6.9.2 Effect of Channel Doping Concentration on Threshold Voltage
	6.9.3 Drain Current Profile

	6.10 Subthreshold Analysis of Dielectric-Modulated DMDG JLTFET
	6.10.1 Potential Distribution
	6.10.2 Transconductance-to-Drain-Current Ratio
	6.10.3 Subthreshold Current Profile

	6.11 Performance Analysis of Low-Power JLTFETs
	6.12 Summary
	References

	Chapter 7 Recent Developments in Schottky Diodes and Their Applications
	7.1 Introduction
	7.2 GaN-Based SBD
	7.3 4H-SiC-Based SBD
	7.4 ZnO-Based SBDs
	7.5 Other Emerging SBDs
	7.6 Conclusions
	References

	Chapter 8 Numerical Study of a Symmetric Underlap S/D High-ĸ Spacer
on JAM-GAA FinFET for Low-Power Applications
	8.1 Introduction
	8.2 Device Structure
	8.3 Simulation Methodology and Experimental Calibration
	8.4 Results and Discussion
	8.4.1 High-ĸ Spacer Influence on Analog/RF Performance
	8.4.2 Spacer Length Influence on Analog/RF Performance

	8.5 Conclusions
	Acknowledgments
	References

	Chapter 9 Potential Prospects of Negative Capacitance Field Effect Transistors for Low-Power Applications
	9.1 Introduction
	9.2 Negative Capacitance
	9.2.1 Negative Capacitance FETs for Steep Subthreshold Slope
	9.2.2 Device Integration for NCFET (MFMIS and MFIS)
	9.2.3 Capacitance Matching

	9.3 Experimental Evidence of the NCFET
	9.3.1 Proof of Concept
	9.3.2 Device Implementation
	9.3.3 Transient NC

	9.4 Advantages and Applications
	9.4.1 Advantages
	9.4.2 Applications

	9.5 Recent Research in NCFET-Related FE Materials
	9.5.1 NCFET with Doped HfO

	9.6 Challenges in NCFET Design
	9.6.1 Capacitance Matching
	9.6.2 Reliability
	9.6.3 Short-Channel Effects
	9.6.4 Irregularity
	9.6.5 Speed of NCFET
	9.6.6 Multidomain Effect
	9.6.7 Transient Analysis

	9.7 Conclusions
	Acknowledgments
	References

	Chapter 10 Memory Designing Using Low-Power FETs for Future Technology Nodes
	10.1 Introduction
	10.1.1 Need for Low-Power and Low-Subthreshold Swing
	10.1.2 Roadmap for Future Memory Technology with Low-Power Operation
	10.1.3 Workflow and Scope

	10.2 Nonvolatile Memory Devices (Flash Memory)
	10.2.1 Basic Structure of Nonvolatile Memory Devices
	10.2.2 Physical Principles: Program/Erase Operation
	10.2.3 Physical Principles: Read Operation
	10.2.4 Main Design Goal ‘3Ls’: Low-Power, Large Memory Margin,
and Long Retention

	10.3 Gate Stack Optimization for Low-Power Operation
	10.3.1 Retention Issue in TAHOS Structure
	10.3.2 Advanced TAHOS Structure: TAHOAOS

	10.4 Doping Optimization for Low-Power Operation
	10.4.1 Tunnel FET for Low-Power Memory Device
	10.4.2 Additional Advantage of TFET: Fast Erase Speed
	10.4.3 TFET TAHOAOS

	10.5 Expected Challenges
	10.5.1 A brupt Doping Profiles
	10.5.2 I ncreased Number of Photomasks
	10.5.3 Variability
	10.5.4 Array Design

	10.6 Conclusions
	Acknowledgments
	References

	Chapter 11 TFET-Based Flash Analog-to-Digital Converter
	11.1 Introduction
	11.2 Overview of Tunnel Field Effect Transistor
	11.2.1 TFET and Its Characteristics

	11.3 TFET-Based Design Consideration
	11.3.1 TFET-Based Inverter
	11.3.1.1 Simulation of TFET Inverter

	11.3.2 TFET-Based Sample and Hold Circuit

	11.4 TFET-Based Comparator and Encoder Design for Flash ADC
	11.4.1 Introduction to Comparator
	11.4.2 TFET-Based Comparator Design
	11.4.2.1 Working
	11.4.2.2 Components of TFET Comparator

	11.4.3 Design of Encoder for TFET-Based Flash ADC
	11.4.3.1 Introduction to Encoder Design
	11.4.3.2 Architectures of Encoders

	11.4.4 Implementation of TFET-Based 4-Bit Flash ADC

	11.5 Simulation Results and Discussion
	11.5.1 Simulation Results of TFET-Based Comparator
	11.5.2 Simulation Results of Flash ADC

	11.6 Conclusions
	References

	Chapter 12 Demand of Low-Power-Driven FET as Biosensors in Biomedical Applications
	12.1 Introduction: Background and Driving Forces
	12.2 Alternative Structures for Scaling CMOS Devices
	12.3 Low-Power FET as Biosensors in Biomedical Applications
	12.4 FET-Based Biosensor Working Principles
	12.4.1 Some Examples of NWFET-Based Biosensor Working Principles

	12.5 Sensitivity Enhancement of NWFET-Based Biosensor
	12.5.1 Impact of Size on Sensitivity Capability
	12.5.2 Surface Probe Alignments
	12.5.3 SiNW Structure

	12.6 Nano-FET Biosensor Device Challenges
	12.7 Conclusions
	References

	Chapter 13 2D Materials for Spin Orbital Torque MRAM: A Path toward Neuromorphic Computing
	13.1 Introduction
	13.2 MTJ: A Nonvolatile Magnetic Memory
	13.2.1 Field-Driven MRAM
	13.2.2 Spin-Transfer Torque-Based MRAM (STT-MRAM)
	13.2.3 Spin Orbit Torque-Based Three-Terminal MRAM (SOT-MRAM)

	13.3 Spin Orbit Torque Applications Based on 2D Materials
	13.3.1 SOT from Topological Insulators (TIs)
	13.3.2 Spin Orbit Torque from TMDs

	13.4 Conclusions
	References

	Index



