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’I Challenges of
Conventional CMOS
Technology in
Perspective of Low-
Power Applications

Andrew Robert, M. Venkatesh, G. Lakshmi Priya,
GC. Gifta, and L. Jerart Julus
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1.1 INTRODUCTION

Junction Field Effect Transistors (JFETs) with a Schottky-Junction gate, which is
made up of Silicon (Si) substrate, are called MOSFET (Metal Oxide Semiconductor
Field Effect Transistor). Two types of MOSFETs are used in the Complementary
Metal-Oxide-Semiconductor (CMOS) [1]. They are named NMOS (N-Channel
MOSFET) and PMOS (P-Channel MOSFET). In CMOS technology, the per-
formance of the NMOS transistor is better than the PMOS transistor. Thus, the
NMOS transistors are preferred in the RFIC. Especially the NMOS transistor has
high transconductance and current drive due to the mobility difference between the
electrons and holes. In the same width and length, the NMOS transistor has high
output resistance, leading to an increase in the gain of the amplifier.

PMOS and NMOS devices are pictured in Figures 1.1 and 1.2, respectively. The
Gate, Source, Drain, and Bulk terminals are represented as G, S, D, and B in Figures 1.1

DOI: 10.1201/9781003327035-1 1
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FIGURE 1.1 P-type metal oxide semiconductor (PMOS): (a) the symbol with external bulk
terminal, (b) the symbol with a bulk terminal connected to the supply, (c) internal structure,
(d) small signal model.

and 1.2. The W, L, and L. are the channel’s width, length, and effective length,
respectively. The effective length L, = L — 2Lz where, Ly is the diffused length
due to the lateral diffusion. Cys, Cgq, and Cyq are the parasitic capacitance between the
gate and source, gate and drain, and drain and source, respectively. V;,, and Vg, are the
voltages between the source and gate, and gate and source, respectively. Moreover, ry is
the output resistance of the MOS device [2].
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FIGURE 1.2 N-type metal oxide semiconductor (NMOS): (a) the symbol with external
bulk terminal, (b) the symbol with a bulk terminal connected to the ground, (c) internal
structure, (d) small signal model.

CMOS technology is used in most integrated circuits. There are several reasons for
the dominance of CMOS technology. The area required for the CMOS IC is small.
CMOS consumes less power, and the operating speed is high. Apart from this,
the manufacturability of the CMOS is more important. Defects that occur during the
fabrication process are also fewer in CMOS circuits. The mass fabrication cost of
the CMOS IC gets reduced with the scale-down process. Significantly, the layout



4 Tunneling Field Effect Transistors

designed for a particular nanometre technology in digital circuits can be scaled down
in simple steps [3].

In the initial stages, the CMOS technology was used for digital design; the lower
cost and improved functionality of the CMOS ICs have motivated the designers to
use CMOS technology for analog and mixed-signal design. When the CMOS is
used in analog or mixed signal design, the matching gets essential [4]. The electrical
characteristics of the transistors need to be matched for perfect signal power transfer
in these circuits [5]. The quality of the design depends on the matching. In CMOS
technology, multiple methods are used for matching the transistors.

In digital circuits, several advantages are provided by CMOS technology.
They are,

i. Requires minimum devices/gates

ii. Minimum static power dissipation
iii. MOS devices are easily scaled down for higher density
iv. Lower fabrication cost with high volume

While using the CMOS in analog/RF circuits, the following advantages are observed,

i. Possibility of SoC (System on Chip) to get a single chip with digital,
mixed-signal, and RF modules
ii. Reduced cost
iii. Minimum power consumption

However, the following issues are present in the advanced CMOS technologies [6],

i. The cost increases with the number of masks used in the design and
fabrication process. Moreover, the lithography gets expensive due to the
scale down.

ii. In the nanoscale CMOS devices, the subthreshold leakage, gate leakage,
band-to-band tunneling leakage, and static power dissipation are higher [7].

1.2 CMOS INVERTER DESIGN

The CMOS inverter complements the digital input signal. NOT gate of the digital
circuits also doing the same Boolean operation. In the ideal case, the input and
output resistance of the inverter are infinite and zero. The inverter can be used in
analog amplification if the operating point is set in the transition region [8].
Recently, the digital IC design has been significant due to the reduced design
overhead.

The response of the ideal inverter and the practical inverter are analyzed in this
section. The schematic of the CMOS inverter is shown in Figure 1.3. It has the
PMOS on the pull-up side and the NMOS on the pull-down side.

The input and output response of the inverter is shown in the upper section of
Figure 1.4, where the input and output are complementary. In the transfer char-
acteristics of the ideal inverter, we can refer that for the input value of 0 to Vpp/2,
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FIGURE 1.4 Response of the ideal inverter: (a) input signal, (b) symbol of the inverter,
(c) output signal, (d) transfer characteristics.

the output of the inverter is high (Vpp). When the input value increases higher than
Vpp/2, the output becomes zero.

In practical cases, the transfer characteristics of the inverter will be shown in
Figure 1.5. The CMOS inverter has different regions of operation based on the
condition of the PMOS and NMOS devices. The five regions of operations are
mentioned in Table 1.1 and marked in the transfer curve [9].

The ratio between the width and length of the PMOS and NMOS devices is

named aspect ratio (%) and (%) , respectively. In general, electron mobility is
p n

greater than holes’ mobility. The speed of the NMOS device is higher than PMOS
device. In the CMOS inverter, the pull-up side is made up of a PMOS device, and
the pull-down side is made up of an NMOS device. Thus, the pull-down operation
will be quicker than the pull-up operation. In the input-output response of the
CMOS inverter circuit shown in Figure 1.6, the high-to-low transition is expected
when the input voltage is at Vpp/2, as in Figure 1.5. In practical cases, the aspect
ratio of the PMOS device is increased than the NMOS device to make the transition
at Vpp/2.

The average propagation delay of the CMOS inverter concerning the supply
voltage variation is shown in Figure 1.7. It shows that the supply voltage and the
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FIGURE 1.5 Transfer characteristics of practical inverter with different regions of PMOS
and NMOS.

TABLE 1.1

Different Operating Regions of PMOS and NMOS in CMOS Inverter
Region PMOS NMOS

A. Linear region Cut-off region
B. Linear region Saturation region
C. Saturation region Saturation region
D. Saturation region Linear region

E. Cut-off region Linear region

propagation delay have an inverse relation. When the supply voltage is reduced
below 0.5 V, the propagation delay is highly increased.

VLSI circuits have different logic configurations like CMOS, pseudo, pass,
transmission, and domino logic. CMOS logic has less leakage current among the
mentioned logic configurations due to the complementary structure. When the
channel length of the transistor is reduced in the scale-down process, the leakage
current gets increased. Figure 1.8 shows the sources of leakage current in an NMOS
device of the CMOS logic [10]. Subthreshold leakage, gate leakage, and reverse-
biased junction band-to-band tunneling leakage are mentioned in Figure 1.8. In the
above-mentioned leakage, the subthreshold and gate leakage are the major sources
in the 50 nm or higher nanometre technology nodes. When the transistors of the
lower nanometre technology nodes (lower than 25 nm) are used in the circuit
design, the band-to-band tunneling leakage gets increased, as in Figure 1.9.
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FIGURE 1.6 Impact of the aspect ratio of PMOS and NMOS on transfer characteristics.
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FIGURE 1.7 The normalized propagation delay of the inverter with a supply voltage variation.
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FIGURE 1.8 Leakage sources of NMOS device in static CMOS.
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FIGURE 1.9 Gate leakage, subthreshold leakage, and junction leakage of NMOS devices at
various technology nodes.

1.3 SCALING OF TRANSISTORS AND SECOND-ORDER EFFECTS

The performance of the CMOS can be improved by the scale-down operation of the
NMOS and PMOS devices. The stray capacitances in the transistors are also
reduced in the scale-down operation. Thus, the speed of the transistors gets im-
proved. When the channel length is reduced to the order of the depletion layer, the
non-ideal response is observed in the MOS transistors. These non-ideal effects are
called second order effects, and the short-channel effects cause these second order
effects.

1.3.1 THREsHOLD VOLTAGE REDUCTION

The minimum voltage required between the gate and source region for creating the
inversion layer at the channel region below the gate terminal is called the threshold
voltage [11]. During the scaling operation, the channel length of the NMOS and
PMOS devices is decreased. When the gate voltage is applied, the minority careers
accumulation under the gate terminal increases with respect to the reduced channel
length. As a result, the reduced effective threshold voltage is observed with the
scaling of the transistor. The charge-sharing mechanism is shown in Figure 1.10. It
shows that the gate voltage can easily deplete the channel. Thus, the charge-sharing
mechanism is more important when the channel length is reduced [12].

1.3.2 SUBTHRESHOLD SWING

The threshold voltage reduction increases the transistor leakage. When the transistor
is in the OEE state, there is a subthreshold current to cause the transistor leakage.
In integrated circuits (ICs), the number of transistors integrated into a unit area or
chip increases as the transistors are scaled down. Thus, the subthreshold leakage
current of all transistors creates an impact on the IC level. For example, 10 nA of
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Subthreshold Swing (mV/decade)
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FIGURE 1.11 Subthreshold swing vs gate voltage for different channel length.

subthreshold current of a single transistor at VGS = 0 is smaller, but the power
consumption in ICs with 100 million transistors is much larger. In some ICs, the
MOSFET with two different threshold voltages is used to meet the speed and power
requirements. When the threshold voltage is low, the speed and power consumption
of the transistor will be high, and vice versa. So, based on the requirement of the
specific circuit, the transistor selection can be made.

The transistor’s behavior in the subthreshold region is determined by the
subthreshold swing, which can be calculated using the rate of change in gate
voltage to the drain current. The subthreshold swing increases when the transistor
is scaled down below 130 nm. There is a limitation on the MOSFET performance
by thermal voltage (kT/q), and it has 60 mV/decade of subthreshold swing at
room temperature.

The dependency of the subthreshold swing on different gate voltage and channel
lengths is depicted in Figure 1.11. It shows that the subthreshold swing is directly
proportional to the gate voltage and inversely proportional to the channel length. The
subthreshold swing rapidly increases when the channel length is below 60 nm [13].

1.3.3 SusTHRESHOLD LEAKAGE CURRENT

The CMOS circuit’s overall leakage power is calculated by considering the leakage
current of each transistor. There are two essential sources of leakage current in
CMOS. The first one is subthreshold leakage current, and the second one is gate
tunneling leakage current.
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With the advancement in technology, in the scale-down process, the supply
voltage has to be scaled down to minimize the dynamic power consumption. The
threshold voltage is also scaled down to keep the high drive current. The scaling of
threshold voltage results in subthreshold leakage current. When the transistor is in a
weak inversion region (Vgs < Vi), the subthreshold leakage current occurs between
the drain and the source.

The drift and diffusion currents are present in the drain to source current. During
the vital inversion region (Vgs > Vi), the drift current has a higher value. The
concentration of the minority careers is approximately zero in the weak inversion
region; the drain to source voltage makes a small electric field longitudinally. Now,
the carriers move between the source and drain due to diffusion. The diffusion
current highly contributes to the subthreshold current. Gate-to-source voltage and
threshold voltage have exponential relation with diffusion current.

The subthreshold leakage current of the MOSFET device can be expressed as in
equation (1.1),

Ves—Vrn Vs
Lsubthreshoia = loe  nVr l—e W (1.1)

Wi Cox V%e]'s

Here, I, = , the thermal voltage Vi = %, the threshold voltage Vi, the

drain to source voltage Vpg, the gate to source voltage Vgg, transistor width W,
Length L, gate oxide capacitance C,,, carrier mobility uo, and subthreshold swing
coefficient n.

The subthreshold leakage happens when the transistor is in the OFF state. The
above equation will suit the leakage current of an individual transistor. In a com-
plete circuit, the leakage current is not equal to the sum of the leakage current of all
individual devices. The transistors connected in a series or stacked manner have less
total leakage current than the sum of individual transistor’s leakage current. As
depicted in Figure 1.12, the leakage current can be effectively reduced by stacking
more stages of transistors [14].

As a negative effect, the stacking of transistors results in increased delay [15],
shown in Figure 1.13.

A
10 4
T °]
g 47
e 2
-
0 T T >
1 2 3 4

Number of transistors off in stack

FIGURE 1.12 Subthreshold leakage current vs. off-transistors stacking.
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FIGURE 1.13 The comparison between traditional inverter and inverter using stack
approach (a) The comparison of propagation delay.

1.3.4 GATE LEAKAGE POWER

In the scale-down process, the vertical dimension reduction is more complex than
the horizontal one. The gate oxide thickness has to be reduced to get enough current
drive at reduced supply voltage to reduce the short channel effects like drain-
induced barrier lowering. The field through the oxide layer gets increased by the
scaling of the oxide layer. From the gate to the channel and source or drain over-
lapping region, the gate leakage current passes, which can also occur from the
source or drain overlapping region to the gate. The scenarios mentioned above are
shown in the following figure

When the thickness of the oxide layer is decreased, the gate leakage current
increases exponentially. When a 3 nm or lower value of oxide thickness is reached,
the gate leakage current is comparable with the subthreshold leakage current. The
potential across the oxide layer and the gate leakage current density (A/m?) of an
NMOS transistor for various oxide thicknesses are compared in Figure 1.14.

When the transistor is turned OFF, the subthreshold leakage is calculated. Gate
leakage occurs when the transistor is turned on or turned OFF, as shown in
Figure 1.15. The gate leakage occurs through the source and drain overlap regions
when the transistor is OFF (Figure 1.15(b). Gate leakage occurs along with the
source and drain overlap regions through the channel (Figure 1.15(a). Thus, the gate
leakage is higher than the subthreshold leakage in the transistor’s ON state.

Since the gate leakage depends on the transistor’s ON or OFF state, the transistors’
bias conditions are essential. The possible combinations of bias methods are present in
Figure 1.16. The transient states are represented in Figures 1.16(f) and (g); these biased
conditions can be ignored because they are unrelated to the steady state. The same
potential is present in all the terminals of Figure 1.16(a) and (h), and the gate leakage is
not present in this case. Gate leakage is present in all other conditions in Figure 1.16.
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FIGURE 1.14 Variation of tunneling current density with potential drop across the oxide.
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FIGURE 1.15 Gate oxide leakage (a) through source or drain overlap region and gate to
channel, (b) through source or drain overlap region.

1.3.5 BAND-TO-BAND TUNNELING LEAKAGE

Two PN junctions are available in the MOS transistor. One is between the source
and the well, and another is between the drain and the well. These reverse-biased
PN junctions cause junction leakage. The doping concentration and junction area
influence the junction leakage, and they get increased and decreased respectively in
the scale-down operation. Band-to-band tunneling leakage is high when the n-type
and p-type materials are highly doped [16].

When the high electric field is applied across the PN junction, tunneling of
electrons occurs through the p-regions valance band to the n-regions conduction
band in reverse biasing.
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FIGURE 1.16 Possible bias condition of NMOS transistors in CMOS logic circuits.

FIGURE 1.17 Band-to-band tunneling in reverse biased
PN junction. n-side

The voltage drop across the PN junction is the sum of the reverse bias voltage
applied and the built-in potential. When it is increased than the band gap, the tun-
neling current occurs, as shown in Figure 1.17. The built-in potential is a non-scaling
factor [17]. Thus, the tunneling current increases with the scale-down operation. In
lower nanometre technology node transistors with less than 25 nm of channel length,
the band-to-band tunneling current causes more leakage in the transistor.

1.4 SUMMARY

The threshold voltage and subthreshold swing are essential in low-power, high-
performance CMOS design. The threshold voltage is reduced in the scale-down
process to improve the performance, leading to subthreshold leakage and static
power dissipation. In addition to this, the gate leakage power increases as the
scaling down of CMOS devices. Moreover, band-to-band tunneling leakage occurs
at the reverse-biased PN junctions of the MOSFET.

The subthreshold swing indicates the transistor’s behavior in the subthreshold
regime. In MOSFET, 60 mV of gate voltage is required to create a decade of change
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in drain current. Thus, the subthreshold swing puts a restriction on low-power
applications.

The scaling of transistors has ended, and the more Moore trends cannot improve
efficiency and performance [18,19]. The CMOS technology has difficulties fulfilling
the performance requirements of big data, the Internet of Things, edge sensors, deep
learning, artificial intelligence, supercomputing, robotics, and autonomous systems.
Thus, advanced transistors are required to meet the requirements of the systems
mentioned above [20].
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2.1 INTRODUCTION

In the existing scenario, advances in CMOS technology have made significant
miniaturization of MOSFETSs [1-5]. However, in addition to advances in production
technology, the power consumed by integrated circuits is becoming increasingly
important. Power dissipation is more pronounced in nanoelectronic circuits. In a
field-effect transistor (FET), the minimum voltage needed to make the transistor
switch ON is a dominant factor that ultimately determines the range of input supply
voltage and power dissipation of device technology. Reducing the supply voltage
minimizes the switching power. However, field-effect transistors (FETSs) in recently
developed integrated circuits require a minimum gate voltage of 60 mV in order to
increase the current by one order at room temperature. “The subthreshold swing
(SS) is defined as the difference in the gate voltage needed for increasing the drain
current by a factor of 10 and is measured in mV/decade”. Reducing subthreshold
swing (SS) is needed to resume high ON-state current with acceptable OFF-state
leakage, which has been a critical technical issue [6].

Subthreshold swings of MOSFETs are restricted by the Boltzmann distribution
of carriers to the range of 60 mV/dec at room temperature, and subthreshold swing
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further increases with scaling. This increase in subthreshold swing with a decrease
in gate length represents a fundamental limitation of traditional FETs. This con-
straint of SS is that all traditional FETs are based on the modulation of charge
carriers’ thermal radiation generated at the source contacts. Therefore, a minimum
SS of 60 mV/decade at room temperature results from the carrier’s thermally ex-
panded Fermi distribution and thus occurs in any conventional FET regardless of
size, materials used, etc. Thus, to obtain subthreshold swings below 60 mV/decade,
the current from the source terminal must be modified to become independent of the
thermally extended Fermi distribution function [7].

In the nanoscale regime, miniaturization is the key factor in today’s electronic
device applications [8]. As MOSFETs become smaller and smaller [9] and face
fundamental performance limitations, the novel devices used on band-to-band tun-
neling are focused. In particular, the emphasis is on devices that act as field effect
transistors (FETs), in which the variations in gate voltage switch the device but
practice band-to-band tunneling in the ON state and transitions of both states. These
devices have the prospective for very low OFF-current and offer the opportunity to
minimize the subthreshold swing beyond traditional MOSFETs’ 60 mV/dec limit.
Hence, they appear to be a perfect replacement for minimized quasi-ideal switches
that improve subthreshold swing and drain current. The aforesaid device is the Tunnel
FET that contains a SiGe delta layer at the edge of the p+ region, reducing the barrier
width and thus enhancing the subthreshold swing and ON-current. Tunnel FETs
sidestep the limitations of traditional MOSFET by using band-to-band tunneling
instead of heat injection to let the charge carriers into the device channel. A Tunnel
Field Effect Transistor (TFET) is a gated p-i-n diode that operates in reverse bias.
When OFF, the width of the potential barrier measured between the source and the
channel is so high that tunneling does not occur. The leakage current is negligible.
When ON, while the gate voltage increases beyond the threshold voltage, the width of
the potential barrier between the channel and source is lesser and allows significant
tunnel current. Tunnel FETs based on ultrathin semiconductor films or nanowires can
reduce power 100 times on CMOS transistors; thus, integrating tunneling FETs with
CMOS technology can improve low-power microchips. One of the significant char-
acteristics of a TFET that distinguishes it from traditional MOSFETs is its excellent
subthreshold swing, especially near the gate voltage where the drain current begins to
increase. A 3D tunnel FET can achieve an inverse subthreshold slope of less than
60 mV/dec. However, there is a trade-off between high inrush current and small
subthreshold swing values [7]. The Tunnel FET has become more efficient because of
its ability to achieve sub-60 mV/dec subthreshold swing at room temperature, proving
it to be a promising ultra-low power consumption device.

2.2 SUBTHRESHOLD BEHAVIOR

This section deals with the basics of subthreshold behavior. The transfer character-
istics of a transistor are classified into two based on its drain current flow, i.e., the
subthreshold and superthreshold regions. This is illustrated in Figure 2.1. Generally, a
transistor conducts when its input voltage equals the threshold voltage. Until that
voltage, it is in the OFF state, and that region below the threshold voltage is referred to
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FIGURE 2.1 Showing the drain characteristics of MOSFETs — subthreshold regions.

as the subthreshold region. Similarly, when the input voltage extends beyond the
threshold voltage, it is in the ON state and is called the superthreshold region. The
current which flows from the source to drain in the subthreshold part of the cut-off
region is called subthreshold current. Usually, there is no current in the subthreshold
region since there is no channel formation. The drain junction is reverse-biased,
assuming the source and body are tied together. The minority carriers are diffused into
the source junction. The field applied to the transistor produces a drift current, which
opposes the diffusion current. The minority carriers are injected into the drain junction
before the recombination process. This increases the minority carriers and it even
exceeds the majority carriers present. This results in subthreshold current due to the
presence of minority carriers. It is also referred to as leakage current. In the super-
threshold region, the situation reverts, i.e., the majority of carriers increase, and this
causes an increase in drain current. The subthreshold current is given by:

2
Ips = ﬂeﬁch%(m - 1)(%) eq<VG-Vr>/ka(1 - e“’Vfi) @2.1)

The drain characteristics (drain current Vs gate voltage) of MOSFETs are ex-
hibiting log linear behavior in their operating regions. The slope of this logarithmic
curve is referred to as the subthreshold slope and it is shown in Figure 2.2.

Subthreshold slope

Logscale Io

vgs —

FIGURE 2.2 Subthreshold slope.
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In the subthreshold region, the drain current depends exponentially on the gate
voltage [10].

I ( Ves ) (2.2)
4 X exp .
V;

nvr

Where Vp = %T, K represents Boltzmann Constant, T represents absolute tempera-

ture and q is the electron charge.
The subthreshold slope factor n is calculated using the formula

n=1+2 2.3)

8

Where G, represents bulk capacitance and C, represents gate capacitance

2.3 PARAMETERS OF SUBTHRESHOLD SWING

The subthreshold swing (SS) of a device is the difference in gate voltage (Vgs)
required to increase the output drain current (Ip) by a factor of 10 [11,12].

= &[m\//dec] 2.4)
d (loglp)

With considerable biasing of the transistor, the drain current (Ip) in a MOSFET is

proportionate to the number of electron states per unit volume per unit energy D(E),

the probability that a particle will have energy is Fermi—Dirac f, (E), and the carrier

momentum v (E), E is the electron energy.

IDajdE-D(E)-v(E) f.(E) 2.5)

The source Fermi-Dirac distribution function f; (£) in the exponential tail region,
can be given by a Boltzmann approximation:

E—ES
f(E) ~ exp(— T F) (2.6)

For ease, supposing movement in the single spatial course, the product of D(E) and
v(E) is considered constant. Furthermore, for a typical MOSFET, it is inferred that
the difference in the conduction band is in direct relation to the difference in the
gate voltage. Thus, we may derive

o _ ol

_ 2.7
WVes  ToE 2.7)
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The subthreshold swing of a MOSFET can be computed considering equations (2.6)
and (2.7), such that the least probable swing in a typical device is given as,

—1 -1
SS = (M) - n 1o(iai) ~ n 1052 (2.8)
oVgs Ip Vs q

A low SS would concede an improved ON-OFF (Igy/Ippr) ratio, and leads to the
lowest power loss in the OFF state. It is noteworthy that equation (2.9) denotes the
ideal subthreshold swing achievable in a traditional MOSFET device. At room
temperature, the Subthreshold swing of the device is approximately 60 mV/decade.

SSMOSFET = IH(IO)k—T [mV/dec] (29)
q

Equation (2.9) describes the minimum bound on the SS imposed by the dynamics of
the current movement in an ideal MOSFET device. Alternatively, equation (2.7)
defines the subthreshold swing of MOSFET in terms of depletion region capaci-
tance C; and gate oxide capacitance C,, = €,,/t,,, Where €, is the permittivity of the
oxide and 7,, is the gate oxide thickness.

3 log(lp) )™ kT Cy
SS, = —= =23—|1+ — 2.10
MOSFET ( Vs el C.. (2.10)

Evidently, from equation (2.10), the lowermost value of SSyosrer is 2.3 kT/q,
which is 60 mV/decade at room temperature. Suppose that, to achieve an
Ion/lorr = 10°, a gate voltage of 5 x 60 mV = 0.3V has to be applied. Thus,
scaling down the supply voltage is arduous to achieve a higher ratio of Ipy/lppr. In
addition to the restriction inflicted by the SS, various short channel effects (SCEs),
such as DIBL-drain-induced barrier lowering, impact ionization, threshold voltage
roll-off, hot electron effect, charge sharing amidst drain and gate also degrades the
performance of MOSFET when scaling down the channel length below 50 nm. To
overwhelm these basic constraints of higher lppr, poor SSyosrer, and SCEs of
MOSFETs, TFETSs can serve as an ideal alternate device.

Tunnel FET, in contrast, does not suffer from this physical constraint since the
current mechanism depends on the tunneling barrier width instead of the formation
of an inversion channel. In contrast to the traditional MOSFET, the subthreshold
swing of a TFET is a strong function of the gate voltage Vgs. Below the sub-
threshold, the drain current (Ip) falls faster than exponential. In the Subthreshold
regime of TFET, the drain current starts to increase only when the gate voltage
reaches Vogr = 0.3V, where Vg is the voltage at which the reverse-biased p-i-n
diode characteristics make a transition to tunnel FET characteristics. When the gate
voltage exceeds Vorp, Ip begins to rise swiftly. In this region, the energy levels in
the source and channel are in line enabling band-to-band tunneling (BTBT). As a
result, the tunneling current begins to flow in this operating range. The drain current
increases sharply near Vgs = Vg, and this increase in drain current with the gate
voltage gradually reduces. The proportionate increase in the drain current with
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increasing gate voltage is computed by the subthreshold slope or its reciprocal
subthreshold swing (SS). The transistor should have a petite value of SS. With small
SS, Ip can be increased to the heights of ON-condition from the OFF-condition by a
reduced gate voltage fashioning the device to operate at trifling bias voltages.

TFET conducts in the subthreshold region through BTBT, which takes place
amongst the intrinsic and p+ regions. Equation (2.11) indicates that the magnitude
of tunneling generation is an inverse exponential of the lateral electric field (E) in
the channel, which in turn is a function of the gate voltage (Vgs).

Ip x e VE (2.11)

Therefore, the Subthreshold swing of TFET changes with Vs and is not a constant
contrast to the instance of a MOSFET [6]. For the Tunnel FET, the tunnel current
can be expressed roughly as given below:

I= a‘/gﬁ§exp(—§J (2.12)

where & is the maximum electric potential at the junction, a and b are coefficients
determined by the properties of the junction of the material and the cross-sectional

3
area of device A. Precisely, a = Ag>\/2mi/Eq/87*R> and b = 4,[2mj E2/3qh,
where E; is the effective bandgap, m is the carrier effective mass and # is the
reduced Plank constant [6].

In view of the fact that the output current of the Tunnel FET is the tunneling
current between the source and channel determined by the gate voltage, its SS value
depends on several parameters, including the thickness of the gate oxide (t,x), the
thickness of the SOI layer (tso;), and the steepness of the doping profile of the
source. The SS value becomes smaller as the gate oxide layer and SOI layer
thickness decrease. Indeed, the Subthreshold swing value is usually governed by the
interdependency of the gate and channel voltages and the effect of the drain
potential on the tunnel barrier. With the reduction in t,, and tgor, the channel
voltage turns out to be more directly linked to the gate potential than to the drain
potential, with a subsequent decrease in the Subthreshold value. When the t,, and
tsor were insignificant, the SS value dropped below 60 mV/dec [13]. Thin gate
oxide, increased doping at the source, and abrupt doping profile at the tunneling
junction can enhance the TFET operation. Simulation results [14] show that
increased doping concentration of the source region results in decreased SS. Also,
SiGe material could enhance the TFET operation for the reason that the concen-
tration of boron impurities is significant in SiGe when compared to silicon.

The derivative of the tunneling current equation of (2.12) relating to the gate-to-
source voltage can then be utilized to govern an expression for the TFET sub-
threshold swing.

—1
SSrrer = In 10 L Vi + §+b dg

2.13
Ve dVis &2 dVss @13



Subthreshold Swing Technology 23

The denominator of the above equation (2.13) which is not explicitly limited by
kT /q, should be increased to reduce the subthreshold swing. Rendering to the
first term, the transistor should be designed in such a way that the voltage at the
gate terminal directly influences the bias of the tunnel junction. This term infers
that the geometry of the transistor is influenced by a gate with a strong field so
that the gate directly modifies the reverse bias of the junction. Suppose gate
electrostatics uses a thin dielectric made of high-k material and an ultrathin
body; the gate bias directly regulates the band overlap dVr/dV;s = 1 making the
first term in the denominator of equation (2.13) inversely proportional to Vgs.
Accordingly, the SS reduces as gate-to-source voltage decreases. Alternatively,
that SS is lessened by increasing the denominator of equation (2.13). This
happens when the gate is held to line up the applied field with the field of
the tunnel junction. Thus, the gate potential complements the internal field to
enhance the tunneling possibility [6].

Zhang [15] derived an analytical formula in which the gate regulates the band-to-
band overlap as well as the tunnel junction potential, resulting in less than
60 mV/decade swing at 300 K. The subthreshold swing (SS) is expressed as,

SSpoint = (dlogID/dVGS)_] mV/decade (214)

The SSpont defined by (2.14) is known as the point subthreshold swing, which
represents the inverse of the actual slope of the I-V characteristics at a specific gate
voltage (Vgs). For imminent low-power CMOS applications, it is required that the
TFETs display improved subthreshold swing related to traditional MOSFETSs over a
few decades of drain current. Unlike MOSFET, the Subthreshold slope of TFET is a
strong function of Vgg. Thus, the average SS must be extricated for the TFETSs
instead of SSpoint. The average subthreshold swing (SSavyg) is stated in terms of
threshold voltage Vry, the gate voltage Vppr at which Ip begins to rise swiftly, Iyr
which is the value of Ip when Vg = Vo and Ipprp which indicates the value of drain
current at Vgg = Vppr is as follows;

SSive = Vra — Vorr) 2.15)
log(Iyr) — log (lorr)

The threshold voltage (Vry) is referred to as the gate voltage at which the drain
current reaches 1077A/um at Vpg = Bias voltage Vpp [14,16]. SSsyg represents
the amount of Vg required (on average) to increase the device current ten folds in
the subthreshold region. SS5v is a vital factor that affects the device perform-
ance as a switch [16].

2.4 A SURVEY ANALYSIS OF SUBTHRESHOLD SWING

In this section, let us discuss the subthreshold swing characteristics of diverse
structures in detail with reference to the dependent factors. The analysis of sub-
threshold swing for various devices is summarized in Figure 2.3
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FIGURE 2.3 Variation of subthreshold swing.

2.4.1 GATE MATERIAL

Graphene nanoribbon-based TFET is proposed by Wei Cao et al. [17]. The dimen-
sions of the Graphene nano ribbon-based channel are 2.34 nm x 0.34 nm. It is
detected that the SS of this Graphene nanoribbon-based TFET points even to zero.
The nominal value of SS is 180 mV and it is inferred to increase faster than silicon-
based TFETSs. The next device for discussion is silicon-based Interband TFET [6],
proposed by Qin Zhang et.al. The subthreshold swing depends on the gate voltage
and it is evident from this work that the SS can be achieved even less than 60 mV/dec
for this device when the input value is nearly zero voltage. The channel materials
Ge or InAs are responsible for achieving the lower value of SS. The least value of
SS is 7 mV/dec for the gate to source voltage 0.07 V.

Junctionless TFETSs are also proposed in the literature [18-20], which are more
efficient than junction-based devices. When the doping concentration increases, it
poses more OFF current at a faster rate than ON current. Hence it reduces the
Ion/Iopr ratio. This also has the effect of an increase in the subthreshold slope.
Using high K dielectric and spacers between the gates, the ON current can be
increased, resulting in a low subthreshold slope. Low K spacers are also used in this
structure which helps in decreasing the gate coupling and the threshold voltage. The
simulation results of this work prove that the higher the dielectric constant value,
the lower the OFF current. This enables an increase in Ipy/lpgr ratio. This lowers
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the subthreshold slope even below 60 mV/dec. The major reason for this lower SS
in junction-less TFETs is the current conduction due to tunneling.

2.4.2 Errect OF TEMPERATURE

The effect of temperature in varying the subthreshold swing is studied for
MOSFETs [18]. In the proposed experimental work, the temperature is varied
from 10 to 300 K, and the subthreshold swing is observed. The SS is found
to be initially low at 10 mV/dec and then gradually increases with temperature to
60 mV/dec at 300 K. In [21,22], a heterostructure junctionless double gate TFET
is proposed. In this structure, AlGaAs and Si are used as hetero materials. The
increase in temperature increases the ON current gradually. Obviously, the higher
the temperature, the lower the OFF or leakage current. The effect of temperature
is obtained by the analysis of the following equation in the junction-based double
gate MOSFET [23]

niu, WkT [1 - exp(%;/"-‘)

Iy = R = (2.16)

2 —4p(x.y)
2 exp(7552 )
2

This equation emphasizes the dependence of the subthreshold swing on the tem-
perature. The temperature is inversely proportional to the drain current; hence, the
increase in temperature causes a decrease in the leakage or subthreshold current.

2.4.3 ErFeCcT OF SCALE LENGTH

From the literature [23], it is evident that the scale length and the proportionate
oxide thickness determine the value of subthreshold swing. The range of the SS
varies based on the geometric mean of the silicon and oxide thickness, along with
the scale length factor. The following equation [23] deserves to be the condition for
calculating SS for devices with a scale length less than 10 nm:

L, — 0215

c3s > fox (2.17)
The channel length should be within L, > 1.51 in order to reduce the deviation of
the subthreshold swing. Interpretation of the scale theory outlines that the
Silicon’s geometric mean and oxide thickness is directly proportional to the
channel length. Using this, it is also inferred from the simulation results [23] that
when the channel length satisfies (2.17), the deviation is optimum and the range is
also acceptable for the subthreshold swing. This is depicted in Figures 2.4a and
2.4b. It shows the percentage of deviation of subthreshold swing for varying
channel lengths.
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FIGURE 2.4 (a) Deviation of subthreshold swing for varying channel lengths. (b) Deviation
of subthreshold swing for varying channel lengths.

2.5 CONCLUSION

The basics of subthreshold swing are explained in this chapter. It also emphasizes
the origin of subthreshold swing from its subthreshold behavior and compares the
SS of diverse structures, including MOSFETs and TFETs. The SS variation for
various factors like gate material, temperature, and scale length factor is also
studied and analyzed with reference to the existing literature.
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3.1 INTRODUCTION

The conventional Metal Oxide Semiconductor Field Effect Transistors (MOSFETS)
can act as a gated switch that controls the current flow between the source and
drain terminals. This invention later became the heart of Integrated circuits (ICs).
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FIGURE 3.1 Transistor scaling dictates the number of transistors in the processor.

Consequently, the performance of ICs merely depends on the performance of
MOSFETs. Hence, the advancement in electronics in the digital world, such as
smart watches, smart TV, the Internet of things, Cloud computing, and Artificial
Intelligence (AI), has become inevitable to the common man nowadays. The main
success of MOSFETs is that they can be scaled down to increase the IC per-
formance and power issues and reduce the total area. Figure 3.1 shows the plot
transistor scaling that denotes the processor and its number of transistors. It is
clearly visible that the number of transistors doubles in each new processor. This
scaling is denoted as Moore’s law by industry. However, the MOSFETs scaling
leads to several critical issues such as Short Channel Effects (SCEs), Hot carrier
degradation, and more leakages. Hence, the industry looked for an alternate device
structure that could replace the conventional MOSFETs. The replacement is not
only based on scaling but also on the device performance, Ion/Iopr ratio, sub-
threshold swing (SS), power dissipation, and so on. Several transistors have been
considered to replace conventional MOSFETsS, such as Silicon on Insulator (SOI)
based MOSFETs, FinFETs, Junctionless FETs, Nanowires, and Tunnel FETS.
Among these transistors, Tunnel FETs have better subthreshold swing and Ion/Iorr
ratio than the conventional MOSFETs.

3.2 MOSFETS SCALING

A transistor acts as a switch in Integrated Circuits (ICs). In the last four decades,
researchers worldwide have focused on reducing the size of MOSFETS, increasing the
density of the transistor and the multiple functions performed in a single chip. Further,
increasing the number of transistors and density in ICs significantly improved the
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speed and power dissipation. However, certain effects arise due to the scaling of
CMOS transistors. Theoretically, current flows in a CMOS transistor when the input
voltage equals 0.5Vpp and turns off when there is no input voltage. However, the
subthreshold leakage current keeps flowing through the MOSFETSs in CMOS circuits.
This power dissipation is called static power dissipation. During the switching
characteristics, power dissipation occurs due to parasitic capacitances of NMOS and
PMOS transistors. This power dissipation is known as dynamic power dissipation. In
order to decrease the power dissipation, the input voltage or parasitic capacitances
should be reduced. The input voltage scaling is not feasible because the transistor will
turn on below the threshold voltage. Although, the scaling of MOSFETSs not only
increased the ON current but also the OFF current, known as subthreshold current.
This subthreshold current will draw current from the power source in an ideal state.
Thus, another option to reduce the power dissipation is to reduce the device’s parasitic
capacitances by reducing the gate length to reduce the capacitances. Therefore,
CMOS scaling is the best method to achieve power efficiency and increase integrated
circuits’ capabilities.

3.3 SHORT CHANNEL EFFECTS (SCES)

The scaling of the CMOS transistor caused some physical device degradation
phenomena known as the short channel effects. This section explores the different
second-order effects that degrade the device’s performance.

3.3.1 SuUBTHRESHOLD CURRENT

The drain current characteristics of MOSFETs in a semi-log plot are shown in
Figure 3.2. The standard practical formula to define the device threshold voltage
is 100 nA x W/L. Here, W is the device’s width and L is the length of the device;
however, we can see that the current flow in the MOSFETsS is below the threshold
voltage. This current is defined as the subthreshold current of the MOSFETs.

A
Log (Ids)
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FIGURE 3.2 Illustration of subthreshold current in drain characteristics of MOSFETs.



32 Tunneling Field Effect Transistors

The physics behind this is that the current flow happens because of the smaller
inversion electron concentration ng. This electron concentration proportional to
the potential then rises the drain current of MOSFETs. The channel length scaling
reduces the barrier distance between the source and drain region. Hence, the
minority electrons available in the source region may get passed to the channel
region and raise the current. The subthreshold current is in the order of ~107"; the
number seems smaller for a single device. If the same current is driven for millions
of transistors causes a considerable power dissipation over the processor. Hence,
this current should be denoted as the OFF current (Iogg), which should be as
minimum as possible.

3.3.2 THReSHOLD VOLTAGE RoLL-OFF

The threshold voltage is defined as the gate voltage required to form the inversion
region under the gate. After the threshold voltage only, the device gets minimum
current from the source to drain. The aggressive scaling of the MOSFETSs reduced
the channel length and distance between the source and drain. This situation makes
the minimum gate voltage reduce the barrier between the source and channel and
makes the current flow out of the MOSFETs. This situation becomes even worse
with the shorter channel length. This roll-off situation is known as the threshold
voltage roll-off. For the larger channel length, the threshold voltage is equal to
V¢, 1ong; for a smaller length, the threshold voltage roll-off is a function of the
channel length and larger V4, Hence, a minimum channel length is to be kept to
avoid the roll-off situation in the transistor. The pictorial representation of threshold
voltage roll-off is shown in Figure 3.3.

3.3.3 DraIN INDUCED BARRIER LOWERING (DIBL)

The potential barrier height between the source and channel is higher for long-
channel MOSFETSs which is controlled by the gate voltage. As the channel length

Source

—

Ec -/\>Long Channe

- .
Source ) Drain
E, —_—
~Short Channel
)

FIGURE 3.3 Comparison of threshold voltage roll-off between the long and short channel
device.
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FIGURE 3.4 Schematic representation of DIBL for different drain voltages.

gets scaled, the height of the barrier at the source side is also reduced. However,
when the channel length is reduced more in this regime, the source/channel and
channel/drain depletion region becomes very near, as shown in Figure 3.4. This
implies a lower energy requirement for charge carriers to cross the potential barrier.

The potential barrier reduction in the channel is reduced by the higher drain
voltage instead of the gate voltage. In this hypothetical situation gate losses the
channel control, and drain voltage control the device current. The drain region
should be kept far away from the source region to avoid this effect. With the help
of some engineering methods or structural modifications can reduce the DIBL by
pocket implantation use of high-k spacer materials.

3.3.4 Hort CaArrier EFrecTs

Hot carrier effects are mainly caused by a high lateral electric field which creates a
new electron/hole pair combination due to the Collison of atoms in the channel known
as impact ionization. Short channel MOSFET has a high lateral electric field due
to the higher drain voltage. The charge carriers in the channel get high momentum
and kinetic energy due to the high electric field. These charge carriers collide with
the atoms, exchange momentum and energy, and create a new electron-hole pair
due to the impact ionization mechanism, as shown in Figure 3.5. These generated
electrons are attracted by the gate electric field and get trapped in the oxide region.

Source

FIGURE 3.5 Hot carrier effects in conventional MOSFETsS.
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FIGURE 3.6 Schematic representation of Gate Induced Drain Leakage (GIDL) of
MOSFETs (a) Cross-section view of TFETs (b) Band diagram at the oxide interface by
vertical cutline.

These trapped electrons may reduce the insulator capacity of oxide, which further
affects the device threshold voltage and lead current flow to the gate terminal. This
charge-trapping event modifies the device threshold voltage. The main issue of this
charge trapping is that this reduces the device lifetime and causes the bias instability
of device characteristics. Thus, the hot carrier injected current in MOSFETS, such as
gate current and substrate current, adversely affects the device’s reliability.

3.3.5 GATte-INDUCED DRAIN LEAKAGE CuURrReNT (GIDL)

The scaling of MOSFETs leads to a high field of oxide and the gate-drain overlap
region. For a high drain bias with low gate voltage, the depletion region of the drain
may overlap with the gate region, as shown in Figure 3.6a. The significant overlap
band bending is visible in the band diagram of Figure 3.6b. This band bending creates
the tunneling of electrons from the valence band to the conduction band. This is
known as band-to-band tunneling (BTBT). This tunneling of electrons is increased
with the increase in gate negative bias. Since the GIDL originated at the drain side,
the proper design of the drain side profile may reduce the leakage current. The lightly
doped drain side profile reduces GIDL significantly in MOSFETs.

3.3.6  VELOCITY SATURATION

Another drawback of the conventional MOSFET is saturation velocity. The drift
velocity is defined as the v; = ue, where p is the carrier mobility, and € is the electric
field. This equation implies that the increase in the electric field can make infinite
drift velocity. However, the reality is not like that; when the carrier energy exceeds
the phonon, it losses more with the velocity. Hence the drift velocity can not exceed
the particular value this limiting velocity is known as the saturation velocity. The
most important short-channel effects of conventional MOSFETsS are channel length
modulation of velocity saturation, as shown in Figure 3.7. It is clearly visible that
the short channel device’s channel length is much less than the long channel.

On the other hand, the lateral electric field from the drain side opposes the
electron transport from the channel. The reason behind this is that the drain side
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FIGURE 3.7 Schematic representation of velocity saturation of MOSFETs.

depleted field opposed the carrier transport of the device. Hence, near the drain side,
the carrier transport gets saturated and allows only small carrier transport. This
phenomenon of change in the device length is known as the pinch-off of the device.
After the device pinches off, the device enters a region of saturation and carrier
transport becomes saturated. This weird situation happens only in the short-channel
device where the drain field affects carrier transport.

3.4 TRADE-OFF IN THE DEVICE DESIGN

In the earlier section, we discussed the need for device scaling and how device scaling
affects device performance through short-channel effects. However, another issue
in the circuit applications is the trade-offs between the Ion and Iogrg. An ideal MOS
transistor should have a higher Iy for better circuit applications. But the higher the ON
current causes, the higher the OFF current also. So, there is a trade-off between the
ON current and the OFF current. The industry has proposed numerous design tech-
niques to solve these trade-off problems. One is the development of multi-threshold
voltage devices in the processor. In this technique, we can use the higher V, with a
lower OFF current and lower V, with a higher ON current. This solution might also
reduce the device’s static and dynamic power consumption. Another suitable solution
is also provided multiple Vpp for different circuit elements in the processor. This
solution can also reduce the device’s static and dynamic power consumption.
However, the multi-threshold voltage creates inevitable complicated fabrication issues.

On the other hand, the oxide thickness reduction in the channel may rise issues
by bias instability which causes the threshold voltage variation for different biases.
Another issue is that the carrier mobility in the channel can change with respect to
stress effects created during the fabrication process. The variation in mobility can
change the device’s current and conductance behavior. This mechanical strain can
create the second-order effects of MOSFETSs, such as line edge roughness, random
dopant fluctuation, and fluctuations due to noise. Hence, the industry looked into
the non-conventional MOSFETS that can solve these short-channel effects issues
and trade-off problems.

3.5 SOI-BASED MOSFETS

Silicon on Insulator (SOI) based MOSFETS can be a better alternative to conven-
tional MOSFETs. The cross-section view of SOl MOSFETs is shown in Figure 3.8.
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FIGURE 3.8 Cross section view of SOI-based MOSFETs.

The buried oxide under the silicon body can reduce the leakage path, and the gate
can control the entire device. The fabrication of the SOI buried wafer is way cost
more than the silicon-based one. However, these SOI-based MOSFETSs provide
better device speed and reduced parasitics than conventional MOSFETS.

3.6 MULTIGATE AND FINFETS

The Multigate MOSFETs, such as Double Gate, Trigate, and Surrounding gate
MOSFETsS, can be a better alternative to the conventional MOSFETsS [1]. Another
advantage of Multigate MOSFETs is that the gate can take control of the entire
channel with multiple surroundings. In the case of Double gate (DG) MOSFETs,
the top and bottom gates can be the same voltage and control the channel. The
surface potential in the channel can rise and down with the change in the fewer
millivolts from the gate terminal. In this working method, there is no need for
higher depletion doping concentration needed in the substrate. Hence, the vertical
electric field is enhanced and can improve mobility, consequently increasing the
device’s current. Among these structures, FinFETs have better scalability and
controllability than conventional MOSFETs [2,3].

3.7 TUNNEL FETS

The tunnel FET device structure looks like a reverse-biased p-i-n diode. Interband
tunneling is the primary mechanism of this device. The source region is heavily
doped to achieve high tunneling efficiency to achieve the tunneling. The source/
channel interface also requires abrupt junctions to create band bending and increase
tunneling probability. Creating the abrupt junction requires ultra-fast annealing
techniques during fabrication. The gate controls the tunneling of electrons from the
source region’s valence band to the channel region’s conduction band during a
strong inversion regime. In the OFF state, the valence band source region over-
lapped with the forbidden gap of the channel region. This blocks the leakage current
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problems associated with MOSFETSs. This section will explore how the Tunnel
FETs work and their challenges to the VLSI integration.

3.8 THE IMPORTANCE OF TUNNEL FETS

The scaling of the CMOS transistor leads to tremendous application in the IC
industry. In order to tolerate the scaling of MOSFETsS, the input power Vpp needs
to be scaled to the reduced static power consumption of CMOS transistors. Hence,
each technology node has a different VDD to maintain minimum station power
consumption. Conventional MOSFETs work under the principle of thermionic
emission. The increase in the gate voltage Vgg will create the inversion charge
beneath the gate/oxide interface. This inversion charge will create a path between
the source and drain terminal that causes the drain current of the device. In this
working principle, the minimum voltage required to create the inversion charge
density or channel charge is known as the device’s threshold voltage. This working
principle leads to critical issues such as subthreshold conduction and subthreshold
slope degradation. The subthreshold conduction is a current flow between the
source and drain terminal before the threshold voltage. The subthreshold slope is the
gate voltage required to change the drain current by an order of 10. The lower
subthreshold slope will lead to a higher Ion/Iogr ratio and lower power con-
sumption. The subthreshold slope of transistors is denoted as follows.

SS =

d(loglolds)
Ce
A g 2.3k—T(1 + ﬂ) (3.1)

d VG q

ox

Where the I is the drain current, Vg is the gate voltage, k is the planks constant,
T is the temperature, q is the channel charge, Cqp, is the depletion capacitance
and C,y is the oxide capacitance.

From equation (3.1), it is visible that the minimum subthreshold slope of the
transistor is 2.3 (kT/q), which is 60 mV/decade. This denotes that, to achieve the
Ion/lIorr ratio of 107 the required gate voltage is 7 x 0.06(60 mv) =0.42 V.
Therefore, increasing the drain current by one magnitude requires the gate voltage
to increase by 0.42 V. This arbitrary example denotes that the subthreshold slope
calculation is very important to define the device performance by power con-
sumption. Hence, to reduce the device’s power consumption, we need to decrease
the subthreshold slope less than 60 mV/decade.

The comparison of the subthreshold swing between the TFETs and MOSFETs is
shown in Figure 3.9. Tunnel Field Effect Transistors (TFETSs) are such devices that
can provide a subthreshold slope of less than 60 mV/decade. The working principle
of TFETs is much different from the conventional MOSFET. The conventional
MOSFETs works on the principle of thermionic emission, where the source-to-
channel potential barrier can be reduced by increasing the gate voltage. On the other
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hand, the TFETs work on the Band to Band Tunneling (BTBT) principles. The
TFETs have a wide bandgap during the OFF state hence less subthreshold con-
duction between the source and drain. The drain current of TFETs depends on the
tunneling probability of the source/channel, where it can enhance the charge carriers
and gate field.

3.9 TUNNEL FETS EVOLUTION

The research on Tunnel FETs began in 1928, and scientists assumed tunneling
might occur in the presence of a strong electric field [4]. Zener explained interband
tunneling in PN junction diodes in the form of dielectric breakdown in 1934. This is
officially noted as the band —to band tunneling (BTBT) phenomenon. After Zener,
Leo Esaki developed the tunnel diode in 1957, which is a heavily doped PN
junction diode. The first silicon TFET was discussed by Banerjee et al. in 1987, and
also they provided the analytical current model for three-terminal TFET [5]. The
schematic representation of TFETS is shown in Figure 3.10. The difference between
the MOSFETs and TFETs is that the source is doped with p* doping concentration.
The other configurations, such as gate, source, and drain terminals, are similar to the
MOSFETs.

3.10 TFETS DEVICE OPERATION

In this section, the device operation of TFETs will be analyzed qualitatively. During
the OFF state, i.e., Vgo=0, V4s>0 V, the TFETs subthreshold current is signifi-
cantly lower than the MOSFETs. The physics behind this is that in the OFF state,
two depletion regions have been formed between the source/channel and channel/
drain. The electrons available in the conduction band of the channel can move into

FIGURE 3.10 Device cross-section of Tunnel FETs.
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FIGURE 3.11 Band diagram of Tunnel FETs along the channel length.

the drain region. Nevertheless, the source side is doped with P* doping concen-
tration, which makes the band gap very wide. This ensures that the few electrons
available in the conduction band of the source region may not get into the con-
duction band of the channel. In the case of MOSFET, the source region is heavily
doped with n* doping concentration, which creates minority current carriers to pass
through the channel barrier and causes the subthreshold current more. The band
diagram in Figure 3.11 shows that during the OFF state source/channel band is very
wide, ensuring there is no current flow between the source to drain region.

In the ON state operation of TFETs, the electrons should be injected into the
source region and passed through the drain region, which makes the drain current if
the Vg >0V, the channel conduction band may align with the source valence band.
This band bending depends on the number of charge carriers available in the
channel region, so it is denoted by AqV,, as shown in Figure 3.11. Once the band is
aligned with the source/channel and drain region, the electrons get injected into
the source and pass through the drain region, denoted as the drain current of the
device. The tunneling of the source to channel purely depends upon the material
properties such as electron mass, band gap, and tunneling length denoted by WKB
(Wentzel-Kramer—Brillouin) approximation, as shown below.

40,2m * \/ET;

(3.2)
3qh(E; + AQ)

Tykp = exp| —

Where m* is the effective mass of the electron, E, is the band gap, q is the electron
charge, h is the planks constant, and A is the tunneling length.

3.11 CHALLENGES IN TUNNEL FETS

The main objective of TFETs is to replace the conventional MOSFETSs with a higher ON
current (Ioy), lower OFF current (Iogg), lower subthreshold swing (SS < 60 mv/decade),
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and lower V44 (~0.5 V). However, the TFETs might not have a higher ON current than
the conventional MOSFETs. This is because the ON current of TFETSs depends on the
tunneling probability between the source and channel region [6,7]. As shown in
equation 3.2, the tunneling depends on the material’s effective mass (m"), band gap (E,),
and tunneling length (A). Hence, the electron mass and band gap should be minimum to
increase the tunneling probability of TFETs. Among these parameters, the tunneling
length (L) can be minimized by reducing the gate capacitance using high-k gate oxide
and higher doping concentration in the intrinsic region.

The next major challenge is ambipolar current, which causes circuit failure and
excessive standby leakage in CMOS-based devices. If the gate voltage Vo, <0V, the
conduction band of the channel goes up, which consequently matches the valence
band of the source region. The phenomenon is known as Band to Band Tunneling
(BTBT); this BTBT causes the ambipolar current in the TFETSs [8]. Because of its
asymmetric doping, TFET fabrication is rather more difficult than MOSFET. Because
the lowest leakage and SS values are inherently reliant on device characteristics,
optimization plays an important role in enhancing performance. The delayed satu-
ration in the output characteristics causes noise margin issues at lower supply voltage
[8,9]. The structural modifications of Dual material gate (DMG) [10,11], Tri Material
Gate (TMG) [12], Halo doped Tunnel FETs [13,14], underlap/overlap TFETSs [15-17]
are all explored to improve the TFETs device performances.

3.12 GATE-ALL-AROUND-TUNNEL FETS

The Multigate FET is a recent technological advancement in the field of semi-
conductor devices. The Multigate FETs can be classified as Double Gate (DG),
Triple Gate (TG), and Gate -All-Around (GAA) [18,19]. Among these structure
optimizations, the GAA structure provides better enhancement of gate control and
reduced short-channel effects than the other. The cross-section view of GAA-based
TFETs is shown in Figure 3.10. The entire structure looks like a nanowire due to the
cylindrical gate structure. The IV, characteristics of GAATFETs are shown in
Figure 3.12. From the transfer characteristics of GAA TFETs, we can extract the
device characteristics such as Ion and Iogg, as shown in Figure 3.13. It is visible that
the GAATFETs have a very lower Iggr of 6.16 nA. The source side p* doping
creates a wide band between the source and channel, making the subthreshold
current much smaller than the conventional MOSFETs. However, the only issue
with the TFETs, as discussed in the challenges of TFETS, is their Ion current. The
ON current of the higher controlled device of GAATFETS has only the order of nA.
This requires a current booster to improve the device drain current that can be used
for CMOS inverters.

FIGURE 3.12 Device structure of GAA Tunnel FETs.
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FIGURE 3.14 14-V,, characteristics of Gate-All-Around TFETs with a variation of silicon
thickness.

The drain current characteristics of GAATFETs with change in the silicon
thickness is shown in Figure 3.14. Obviously, the silicon thickness of the drain
current will increase due to the increase in the total area. It is calculated that the
ION increases the channel thickness from 8 nm to 12 nm by 29%. This can be
useful for the circuit designer to alternate the device thickness that can be used for
better circuit application. Figure 3.15 shows the drain current characteristics of
GAATFETs for different oxide thicknesses. As we discussed earlier, the higher
permittivity of oxide can increase the higher tunneling probability of TFETs.
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As expected, the drain current of GAATFETs with HfO, has a better subthreshold
swing and higher Iy current. The physics behind this is that higher permittivity
materials allow more electric field than the lower permittivity. The tunneling current
will also increase if the tunneling junction has a better electric field.

3.13 VERTICAL TUNNEL FETS

In this section, we will explore the vertical TFETs that can increase the device
performance of conventional TFETs [20]. The cross-section of vertical TFETs is
shown in Figure 3.16. The main difference between lateral TFETs and vertical
TFETs is that the source position has been placed at the bottom of the channel. The
conventional TFET work under the tunneling mechanism of point tunneling, where
the tunneling probability merely depends on the device’s surface charge and gate

intrinsic channel

FIGURE 3.16 Device cross-section view of vertical Tunnel FETs.



Historical Development of MOS Technology to Tunnel FETs 43

electric field. Nevertheless, vertical TFETs work under line tunneling [21-23]. The
key advantage of line tunneling is tunneling region is immensely that can enhance
the BTBT between the source/channel region.

The contour plot of Band to Band Tunneling (BTBT) is shown in Figure 3.17. It
is clearly visible that the tunneling region between the source/channel is higher than
the conventional TFETSs. This is because the valence and conduction bands of the
source/channel region are very much aligned with the conventional TFETs. This
much-matched band alignment creates the tunneling region very wide and creates
the maximum possibility of tunneling current, as shown in Figure 3.17. The drain
current characteristics of vertical TFETs with Ge and Si source is shown in
Figure 3.18. Germanium is used as the source for higher hole mobility than silicon.
As expected, the Ge-sourced vertical TFETSs possess a higher Ion current than the
silicon. The physics behind this is that Ge has higher mobility, creating a higher
tunneling region. However, Ge’s subthreshold current is much higher than the
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FIGURE 3.17 Band to Band Tunneling of vertical Tunnel FETs.

10° 4 .

10

/// —=u— Ge Source TFETs| |
107 + —=— Si Source TFETs |
1 / |

1 i
1012 ] _

; / |
: i
10 4

00 02 04 06 08 10 12 14
Gate voltage, Vgs(V)

P PRTTTS ERRTTS ERTTes gy |

Drain current (A)

FIGURE 3.18 1;-V, characteristics of vertical TFETs with Ge/Si as a Source.



44 Tunneling Field Effect Transistors

10+ - _n—u—"

Drain current (A)

00 02 04 06 08 10 12 14
Gate voltage, Vgs(V)

FIGURE 3.19 Drain current characteristics of vertical TFETs with the variation of silicon
thickness.

Si source TFETs. This higher subthreshold current arises because of mismatched
band alignment between the Ge source and the Silicon channel. The Germanium
fermi level is higher than the silicon. In this consequence, higher charger carriers
have to pass through the band to make the band stable.

The transfer characteristics of vertical TFETs with the variation of silicon
thickness or channel thickness are shown in Figure 3.19. The drain current
decreases by increasing the silicon thickness of vertical TFETs. This may look the
opposite of the conventional theory. The reason behind this weird effect is that the
tunneling probability will get reduced for an increase in the channel thickness. As
the channel thickness increases, the source/channel interface remains the same and
has little change. Due to this, the channel resistivity will increase rather than ex-
pected with the increase in the silicon thickness. This increased resistivity of the
intrinsic region resists the drain current much lower, as shown in Figure 3.19.

3.14 2D- MATERIAL-BASED TFETS

The aggressive scaling of CMOS transistors causes device degradation, such as
short channel effects, more power consumption, self-heating effects, and threshold
voltage shift due to the Quantum mechanical effects (QME) [24]. Hence, re-
searchers looked into different materials to replace the silicon to enable further
scaling. Among those, two-dimensional material attracts and can replace silicon
even at Inm [25]. The absence of dangling bonds in the two-dimensional material
can solve the interface issues between the oxide material. Hence, there is much
scope in the two-dimensional material that can be used as a transistor for future
technology nodes. This section will explore the basics of two-dimensional material
properties and their application in the semiconductor devices field. We will give
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insights into how the Tunnel FETs performance can be boosted by adding two-
dimensional materials.

3.14.1 Basics oF 2D-MATERIALS

A two-dimensional material is a monolayer or multilayered material in the form
of AB, where A is the metal such as M,, W, and B is a chalcogen like S, Se, and T.
This combination can make a two-dimensional material. The fabrication process of
2D materials earlier was micro mechanically exfoliated flakes. However, the inte-
gration of these flakes cannot make the front line or back line in VLSI integration.
Hence, wafer-scale synthesis is inevitable in 2D materials. The process of chemical
vapor deposition (CVD) and metal-organic chemical vapor deposition (MCVD) can
make thin (~2 inches) sapphire wafers for the possible integration of 2D materials
such as MoS,, MoS.,, WS,, and WS, [26]. The major challenge in the fabrication
of 2D materials is that they should be free from mechanical damage because the
process of VLSI integration with various etching, deposition, and cleaning may
damage this ~0.6 nm of 2D materials. Hence, the different integration schemes
should be processed to integrate 2D materials successfully.

3.14.2 TRrRANSISTOR CHARACTERISTICS OF 2D-MATERIALS

As discussed earlier, a perfect transistor should have a lower OFF current (Ioy),
higher ON current (Ipy), higher transconductance (g;,), and lower subthreshold
slope. Apart from this, for a short channel transistor, contact resistances, mobility,
and velocity saturation also matter for ultra-scaled CMOS devices. The equation
shows that the velocity saturation depends on the mobility and electric field. Hence,
the mobility linearly increases with the increase in the electric field. This leads to
the Ion depending on the velocity saturation instead of the channel mobility. For
silicon, it is reported that the velocity saturation is in the order of ~10” cmS™" at the
electric field of E> 1 me_l [27]. For a MoS, transistor with the gate oxide of SiO,
the velocity saturation is measured as 6 x 10° cmS™! [28]. Hence, the average of this
velocity of the 2D transistor is much equal to the conventional MOSFETs and can
make the Ion of 1uA/um. So, carrier mobility is less important because the drain
current of the 2D transistor merely depends on the velocity saturation, injection
velocity, and contact resistances. However, mobility can be beneficial for identi-
fying the second-order effects of Coulomb scattering, surface roughness, and
phonon scattering. Overall, a 2D-based transistor with a monolayer thickness of
~<Inm can provide a similar device characteristic of nanometer range devices due
to the 2D material properties [29,30]. In this point of view, phosphorene has higher
mobility and optimum bandgap (tunable bandgap), which boosts the I, as expected
values. In section 2.10.4, we show the phosphorene-based TFET characteristics.

3.14.3 ReLiaBILITY OF 2D MATERIAL-BASED TRANSISTORS

In the previous section, we briefly discussed the prerequisite of a 2D-based tran-
sistor that can provide a better possibility of replacing conventional MOSFETsSs for
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future scaling. However, a successful transistor is not only based on the perform-
ance metrics; the reliability also evaluates during the abrupt fabrication process
[31]. As reported, the 2D-based transistors are affected mainly by the silicon-
interface issues, which create traps and defects beneath the gate. These traps in the
insulator traps create low-frequency variation known as flicker noise (1/f) [32]. This
noise can affect the device threshold voltage, and the magnitude of the spectral
density of noise can limit the device drain current. The same charge can be counted
down in the order of 10 to 100. Then, each carrier trap can cause a discrete current,
creating random telegraph noise (RTN). Apart from the charge trapping event, the
water or gaseous items present in the oxide interface can cause a hysteresis,
changing the device threshold voltage. Another important reliability issue is tem-
perature bias instability (BTI), where the charge traps can accumulate and change
the device threshold voltage until the device operation point [33]. These insulator-
based charge trapping events mostly arise due to dangling bands of SiO, or HfO,
with the 2D material such as MoS,, and WSe, [34]. It is reported that the insulator
with the 2D material of hBN or BiSeOs can be the alternative for reducing the
charge trapping events in the 2D material-based transistor [35]. However, the
fabrication of different oxides also creates issues over the fabrication limits.

3.14.4 TFETs BAseD oN THE 2D MATERIALS

In this section, we will explore the device characteristics of TFETs with the incor-
poration of phosphorene in the channel region. The figure shows the phosphorene DG
TFET and ADMDG-TFET structure with the below-mentioned dimension shown

in Figure 3.20.
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The device has a 100nm overall length. L1 =16 nm and L2 = 16 nm make up the
upper gate length (Lg =L1 + L2), which is 32 nm. Underlap gate length (Lgu) is 2 nm,
while the lower gate length (Lgl) is 21 nm. The ADMDG TFET device’s optimized
gate work functions are M1 = 2.25 eV and M2 = 4.8 eV for the source and drain
sides, respectively. P++-type source, n+-type drain, and p-type channel doping
concentrations are 1x 10%° cm_3, 5% 10'8 cm_3, and 1x10%° cm_3, respectively.
Compare the device performance in terms of I, Loe, SS, and I,,/I¢ ratio to dem-
onstrate the benefit of asymmetric versus symmetric devices. Additionally, study the
performance in an armchair or zigzag direction, layer by layer (1L to 5L).

The device simulation has been performed using a hybrid method in Sentaurus
TCAD. A phosphorene material file (.par) containing layer- and direction-based
material file (.par) was made in order to perform simulations for 1L to 5L in both
directions [36]. The gate work function, fitting parameters, and BTBT tunneling are
precisely tuned.

The off-state energy band diagram of monolayer/few-layer phosphorene
ADMDG TFET is shown in Figure 3.20. It is realized that CB/VB is slightly shifted
(with reference to armchair) due to its anisotropic effective mass nature. It is found
that off-state band aliment does not favor S/C BTBT tunneling; therefore, the
device is in the deep-off state; hence, Ioff is the lowest. Besides, a few layers of
phosphorene ADMDG TFET has high Ioff (Figure 3.21a) due to the channel to
drain (C/D) BTBT drain tunneling represented in Figure 3.21b. Hence, few-layers
ADMDG TFET has a high Ioff, reducing the Ion/Ioff ratio. So this unintentional
C/D BTBT process degrades off-state and as well as overall device performance.

The ON-state energy band diagram of monolayer/few-layer phosphorene
ADMDG TFET is shown in Figure 3.22a. After applying a gate and drain bias, the
source’s valence band is aligned channel’s conduction band. Hence, S/C BTBT has
happened, which yields more I,,. It is found that armchair direction-based devices
have more I, than Zigzag due to their light-effective mass values shown in
Figure 3.22b. Besides, In monolayer zigzag has less leakage current (Iog) due to
heavier effective mass, which widens the tunneling window. Hence, the effective
mass has more influence on the monolayer than the few-layer.
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FIGURE 3.21 Off state energy band diagram of (a) monolayer phosphorene ADMDG
TFET (b) few-layer phosphorene ADMDG TFET.
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FIGURE 3.23 (a) [4-Vgs Characteristics of phosphorene ADMDG TFET with monolayer-
few-layer for both directions. (b) Comparing phosphorene DG TFET to ADMDG TFET
in armchair direction. The yellow-shaded region is due to C/D BTBT tunneling. This phe-
nomenon was more pronounced in few-layer device.

Figure 3.23a shows the drain current characteristics of phosphorene ADMDG
TFET, it is clearly realized armchair direction has more I, than zigzag in mono-
layer and few-layer due to its light-effective mass. Hence, it concluded that the
armchair is the preferable direction for transport. So we compare the ADMDG
TFET with DG TFET in armchair direction (Figure 3.23b). It is noticed that sig-
nificant improvements are not obtained by using ADMDG TFET. The obtained
FOMs of 1L-5L armchair/zigzag phosphorene are listed in Table 3.1 and Table 3.2.
The maximum gained I, value is 9.22 yA/um for monolayer—armchair ADMDG
TFET which is very less compared to Ge-TFET and SiGe TFET. The I,,/I,¢ ratio
is very low in the phosphorene DG-TFET, namely in armchair 4L has only 1.14.
This is due to more C/D BTBT in symmetric structure whereas ADMDG TFET
has 5290 which is ~ 4.64 x 10° times high.
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TABLE 3.1
Comparison of dc Parameters and Their Values for ADMDG TFET and DG
TFET in Armchair Direction

Number Phosphorene ADMDG TFET Phosphorene DG TFET
of layer

Ion SS loff Ion/loff Ion ) Ioff Ion/loﬁ

(pA/pm)  (mV/dec) (pA/pm)  (mV/dec)

1 9.22 71.19  88x 107" 1.0x10° 395 67.895  9.07 x 107 43 x10%
2 5.67 99.19  53x 1072 1x10° 0.366 56.872 143 x 1072 25x10°
3 6.30 14079 33 x 107 185855 0.199 104372 9.94x 1071% 2 x 10?
4 6.50 20909 12x 107 5290.72 0.0243 86.142  2.13x 10  1.14
5 321 25131 2.1 x107° 1493.84 - - - -
TABLE 3.2

Comparison of dc Parameters and Their Values for DG TFET and ADMDG
in Zigzag Direction

Number Phosphorene ADMDG TFET Phosphorene DG TFET
of layer

Iun SS loff Ionlloff lon ) Ioff Ion/luff

(uA/pm)  (mV/dec) (pA/pm)  (mV/dec)

1 0.79 87.84 42x107'° 18x10° 0.86 60 2.66 x 10717 32 % 10°
2 0.95 8346 1.5x 1072 611286 1.06 62.6 445 x 107 23 x 107
3 0.71 127.18  14x107'° 487781 0.91 64.66  7.65x 1070 1192.46
4 1.06 20021 6.0 x 1071°  1740.78 0.80 120.6 143 x 107 561.751
5 0.94 240.5 1.1x 107 829.823 0.82 98.35 1.17 x 107 710.232

The unanticipated C/D BTBT process in a few-layer phosphorene TFET pre-
vented the expected Ion value of a few hundred A/m. This operation (between
0.3 and 0.4 V) decreased tunneling width and delayed the S/C BTBT band bending.
Perhaps the question is: If this C/D BTBT process does not occur in a monolayer,
why does monolayer phosphorene TFET only yield 9.22 A/m while not achieving
maximum Jon? The bandgap of monolayer phosphorene is 1.45 eV, higher than
silicon’s, which is why it could not produce the inadequate 100 A/m currents. The
requirement is armchair-based few-layer phosphorene TFET without C/B BTBT
device may produce maximum Ion. To vanish the C/D BTBT in a few-layer
phosphorene TFET, radical changes will be necessary to produce the maximum Ion
and without affecting SS and Ion/Ioff ratio. In this regard, drain doping concen-
tration can be reduced it can widen the C/D barrier. But these doping techniques in
2D materials are a real challenge.

3.15 SUMMARY

This chapter explored the importance of scaling MOSFETs and how physical limita-
tions affect their performance. A brief description of short channel effects of sub-
threshold current, threshold voltage roll-off, Drain Induced Barrier Lowering (DIBL),



50 Tunneling Field Effect Transistors

Hot carrier effects, and Gate Induced Drain Leakage (GIDL) is presented. The high-
lights of Tunnel FETs and their performance booster that can improve performance
are analyzed. The key parameters of Tunnel FETs (TFETs) and they can improve the
device’s electrical characteristics are reported. It is also identified that the different
configurations of TFETS, such as GAATFETs, Vertical TFETs, and 2D- material based
TFETs can much better improve device performance than the conventional TFETs.
The device characteristics and fabrication limitations are presented.

REFERENCES

[1] J. P. Colinge, and A. Chandrakasan, FinFETs and other multigate transistors.
Boston, MA: Springer. 2008.

[2] S. Manikandan, N. B. Balamurugan, and T. S. Arun Samuel, “Impact of uniform
and non-uniform doping variations for ultrathin body junctionless FinFETs,”
Material Science in Semiconductor Processing, vol. 104, p. 104653, December
2019, 10.1016/.mssp.2019.104653

[3] N. B. S. Manikandan, and Balamurugan, “The improved RF/stability and linearity
performance of the ultrathin - body Gaussian - doped junctionless FinFET,” Journal
of Computational Electronocs, no. 0123456789, pp. 1-9, March 2020, 10.1007/s1
0825-020-01472-y

[4] L. Esaki, “New phenomenon in narrow germanium p-n junctions,” Physical Review,
vol. 109, no. 2, p. 603, January 1958, 10.1103/PhysRev.109.603

[5] S. Banerjee, W. Richardson, J. Coleman, and A. Chatterjee, “A new three-terminal
tunnel device,” IEEE Electron Device Letters, vol. 8, no. 8, pp. 347-349, August
1987, 10.1109/EDL.1987.26655

[6] K. Boucart, and A. M. Ionescu, “Double-gate tunnel FET with high-k gate dielectric,”
IEEE Transactions Electron Devices, vol. 54, no. 7, pp. 1725-1733, 2007.

[71 A. M. Ionescu, and H. Riel, “Tunnel field-effect transistors as energy-efficient
electronic switches,” Nature 2011 4797373, vol. 479, no. 7373, pp. 329-337,
November 2011, 10.1038/nature10679

[8] S. Saurabh, and M. J. Kumar, Fundamentals of tunnel field-effect transistors.
CRC Press, 2016.

[9] J. K. Mamidala, R. Vishnoi, and P. Pandey, “Tunnel field-effect transistors (TFET):
Modelling and simulation,” Tunnel Field-Effect Transistors Modelling and
Simulation, pp. 1-195, October 2016, 10.1002/9781119246312

[10] P. Vanitha, T. S. Arun Samuel, and D. Nirmal, “A new 2 D mathematical modeling
of surrounding gate triple material tunnel FET using halo engineering for enhanced
drain current,” AEU - International Journals of Electronics and Communications,
vol. 99, pp. 34-39, February 2019, 10.1016/J.AEUE.2018.11.013

[11] T. S. Arun Samuel, N. B. Balamurugan, S. Bhuvaneswari, D. Sharmila, and
K. Padmapriya, “Analytical modelling and simulation of single-gate SOI TFET
for low-power applications,” International Journal of Electronics, vol. 101, no. 6,
pp- 779-788, June 2014, 10.1080/00207217.2013.796544

[12] P. Vanitha, G. L. Priya, N. B. Balamurugan, S. T. Chandra, and S. Manikandan,
“Analytical approach on the scale length model for tri-material surrounding gate
tunnel field-effect transistors (TMSG-TFETs),” in Intelligent Computing and
Applications. New Delhi: Springer, 2015, pp. 231-238.

[13] M. Venkatesh, M. Suguna, and N. B. Balamurugan, “Subthreshold performance
analysis of germanium source dual halo dual dielectric triple material surrounding
gate tunnel field effect transistor for ultra low power applications,” Journal of
Electronic Materials, vol. 48, no. 10, pp. 6724-6734, 2019.


https://dx.doi.org/10.1016/j.mssp.2019.104653
https://dx.doi.org/10.1007/s10825-020-01472-y
https://dx.doi.org/10.1007/s10825-020-01472-y
https://dx.doi.org/10.1103/PhysRev.109.603
https://dx.doi.org/10.1109/EDL.1987.26655
https://dx.doi.org/10.1038/nature10679
https://dx.doi.org/10.1002/9781119246312
https://dx.doi.org/10.1016/J.AEUE.2018.11.013
https://dx.doi.org/10.1080/00207217.2013.796544

Historical Development of MOS Technology to Tunnel FETs 51

[14] M. Venkatesh, M. Suguna, and N. B. Balamurugan, “Influence of germanium source
dual halo dual dielectric triple material surrounding gate tunnel FET for improved
analog/RF performance,” Silicon, pp. 1-9, 2020.

[15] D. B. Abdi, and M. J. Kumar, “Controlling ambipolar current in tunneling FETs
using overlapping gate-on-drain,” IEEE Journal of Electron Devices Society, vol. 2,
no. 6, pp. 187-190, November 2014, 10.1109/JEDS.2014.2327626

[16] R. Narang, M. Saxena, R. S. Gupta, and M. Gupta, “Assessment of ambipolar
behavior of a tunnel FET and influence of structural modifications,” JSTS Journal
Semiconductor Technology Science, vol. 12, no. 4, pp. 482-491, December 2012,
10.5573/JSTS.2012.12.4.482

[17] J. Madan, and R. Chaujar, “Gate drain-overlapped-asymmetric gate dielectric-GAA-
TFET: A solution for suppressed ambipolarity and enhanced ON state behavior,”
Applied Physics A Materials Science and Processing, vol. 122, no. 11, pp. 1-9,
November 2016, 10.1007/S00339-016-0510-0/FIGURES/12

[18] S. Manikandan, N. B. Balamurugan, and D. Nirmal, “Analytical model of double
gate stacked oxide junctionless transistor considering source/drain depletion effects
for CMOS low power applications,” Silicon, pp. 1-11, December 2019, 10.1007/
$12633-019-00280-9

[19] M. K. Pandian, N. B. Balamurugan, and S. Manikandan, “Analytical modeling of
junctionless surrounding gate silicon nanowire transitors,” Journal of Nanoelectronics
and Optoelectronics, vol. 9, no. 4, pp. 468-473, 2014.

[20] K. H. Kao et al., “Optimization of gate-on-source-only tunnel FETs with counter-
doped pockets,” IEEE Transactions Electron Devices, vol. 59, no. 8, pp. 2070-2077,
2012, 10.1109/TED.2012.2200489

[21] S. W. Kim, J. H. Kim, T. J. K. Liu, W. Y. Choi, and B. G. Park, “Demonstration
of L-shaped tunnel field-effect transistors,” IEEE Transactions Electron Devices,
vol. 63, no. 4, pp. 1774-1778, April 2016, 10.1109/TED.2015.2472496

[22] M. Ehteshamuddin, S. A. Loan, and M. Rafat, “A vertical-gaussian doped soi-tfet
with enhanced dc and analog/rf performance,” Semiconductor Science and
Technology, vol. 33, no. 7, p. 075016, June 2018, 10.1088/1361-6641/AAC97D

[23] G. Zhou et al., “Vertical InGaAs/InP tunnel FETs with tunneling normal to the
gate,” IEEE Electron Device Letters, vol. 32, no. 11, pp. 1516-1518, November
2011, 10.1109/LED.2011.2164232

[24] Y. S. Chauhan et al., FinFET modeling for IC simulation and design: Using the
BSIM-CMG standard. Elsevier Inc., 2015.

[25] W. Cao et al., “2-D layered materials for next-generation electronics: Opportunities
and challenges,” IEEE Transactions Electron Devices, vol. 65, no. 10, pp. 4109-4121,
2018, 10.1109/TED.2018.2867441

[26] S. Das et al., “Transistors based on two-dimensional materials for future integrated
circuits,” Nature Electronics 2021 411, vol. 4, no. 11, pp. 786-799, November
2021, 10.1038/s41928-021-00670-1

[27] J. Knoch, and J. Appenzeller, “A novel concept for field-effect transistors — The
tunneling carbon nanotube FET,” Device Resolution Conference — Conf. Dig. DRC,
vol. 2005, pp. 153-156, 2005, 10.1109/DRC.2005.1553099

[28] Q. Zhang, W. Zhao, and A. Seabaugh, “Low-subthreshold-swing tunnel transistors,”
IEEE Electron Device Letters, vol. 27, no. 4, pp. 297-300, April 2006, 10.1109/
LED.2006.871855

[29] A. Pon, A. Bhattacharyya, and R. Rathinam, “Recent developments in black
phosphorous transistors: A review,” Journal of Electronic Materials 2021 5011,
vol. 50, no. 11, pp. 6020-6036, September 2021, 10.1007/S11664-021-09183-1

[30] R. Rathinam, A. Pon, S. Carmel, and A. Bhattacharyya, “Analysis of black phos-
phorus double gate MOSFET using hybrid method for analogue/RF application,”


https://dx.doi.org/10.1109/JEDS.2014.2327626
https://dx.doi.org/10.5573/JSTS.2012.12.4.482
https://dx.doi.org/10.1007/S00339-016-0510-0/FIGURES/12
https://dx.doi.org/10.1007/s12633-019-00280-9
https://dx.doi.org/10.1007/s12633-019-00280-9
https://dx.doi.org/10.1109/TED.2012.2200489
https://dx.doi.org/10.1109/TED.2015.2472496
https://dx.doi.org/10.1088/1361-6641/AAC97D
https://dx.doi.org/10.1109/LED.2011.2164232
https://dx.doi.org/10.1109/TED.2018.2867441
https://dx.doi.org/10.1038/s41928-021-00670-1
https://dx.doi.org/10.1109/DRC.2005.1553099
https://dx.doi.org/10.1109/LED.2006.871855
https://dx.doi.org/10.1109/LED.2006.871855
https://dx.doi.org/10.1007/S11664-021-09183-1

52

Tunneling Field Effect Transistors

IET Circuits, Devices System, vol. 14, no. 8, pp. 1167-1172, November 2020,
10.1049/IET-CDS.2020.0092

[31] J. Knoch, “Optimizing tunnel FET performance - Impact of device structure, transistor
dimensions and choice of material,” International Symposium VLSI Technology
Systems and Applications Proceedings, pp. 45-46, 2009, 10.1109/VTSA.2009.
5159285

[32] J. Na et al., “Low-frequency noise in multilayer MoS 2 field-effect transistors:
The effect of high- k passivation,” Nanoscale, vol. 6, no. 1, pp. 433—441, December
2013, 10.1039/C3NR04218A

[33] S. Yang, S. Park, S. Jang, H. Kim, and J. Y. Kwon, “Electrical stability of multilayer
MoS2 field-effect transistor under negative bias stress at various temperatures,”’
Physoca status solidi — Rapid Research Letters, vol. 8, no. 8, pp. 714-718,
August 2014, 10.1002/PSSR.201409146

[34] A. Pon, K. S. V. P. Tulasi, and R. Ramesh, “Effect of interface trap charges on
the performance of asymmetric dielectric modulated dual short gate tunnel FET,”
AEU - International Journal of Electronics Communication, vol. 102, pp. 1-8,
April 2019, 10.1016/J.AEUE.2019.02.007

[35] T. Li et al., “A native oxide high-x gate dielectric for two-dimensional electronics,”
Nature Electrons 2020 38, vol. 3, no. 8, pp. 473-478, Jul. 2020, 10.1038/s41928-
020-0444-6

[36] A. Pon, A. Bhattacharyya, B. Padmanaban, and R. Ramesh, “Optimization of
the geometry of a charge plasma double-gate junctionless transistor for improved
RF stability,” Journal of Computational Electronics, no. 0123456789, 2019,
10.1007/s10825-019-01340-4


https://dx.doi.org/10.1049/IET-CDS.2020.0092
https://dx.doi.org/10.1109/VTSA.2009.5159285
https://dx.doi.org/10.1109/VTSA.2009.5159285
https://dx.doi.org/10.1039/C3NR04218A
https://dx.doi.org/10.1002/PSSR.201409146
https://dx.doi.org/10.1016/J.AEUE.2019.02.007
https://dx.doi.org/10.1038/s41928-020-0444-6
https://dx.doi.org/10.1038/s41928-020-0444-6
https://dx.doi.org/10.1007/s10825-019-01340-4

4 Modeling and
Simulation of Dual
Material Double Gate
Tunnel FETs

A.V. Arun and Jobymol Jacob

CONTENTS

B O § Y8 (04 11 o1 10 ) o OSSR 53
4.2 Dual Material Gate TFET .........ccccooiiiiiiiieeeeeee et e 54
4.3 DMG TFET CharacCteriStiCS ......cuuteieuvieerrieeririeeeiiieeesreeesreeesveeeessseeesssesessnens 54
4.4 DMG TFET Drain Current Modeling ........c..cccccoeevienieiiinieninienieienceeenes 58
4.5 Development of the Surface Potential Model............cccccevviiiiiniienienniennenn. 60
4.6  Drain Current Model.........cccoiiiiiiiiiiiiieiiieeeiie et e e 65
A7 CONCIUSION ...vveeiiieiiieee ettt e ettt e eeetae e e e e ee e e e e e e e taaeeeeeesasseeeeeeenarsaeeeeeenaes 69
N (5 1S 1 SRS 69

4.1 INTRODUCTION

A tunnel field effect transistor (TFET) is an emerging low-power device that
exhibits excellent subthreshold swing (SS) and low leakage current [1-15]. The
problem with TFET is that they have low ON current, hence various structural
modifications are being implemented to improve the ON current [4-16]. Since
the carriers’ transport mechanism in TFET differs from that of MOSFET, the
time taken for the drain current saturation is delayed. This leads to the degra-
dation in performance when the device is used for CMOS low-power applica-
tions. DIBL effects are also prominent in TFET, which limits the use of the
device in the circuits [16]. Apart from the ON current, all these factors should
be considered while designing a TFET structure. Dual material gate (DMG)
TFET [17] can address all these issues, including improvement in ON current,
reduction of OFF current, reduction of SS, immunity against DIBL, and better
output characteristics.

The point to be noted is that DMG structure alone cannot improve the ON
current. Using smaller bandgap material can enhance tunneling and improve the
ON current. The coupling between the channel and gate can be improved with high-
k dielectrics leading to improved ON current. Implementation of DMG technique in
TFET offers reduced transistor dimensions up to 20 nm.
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FIGURE 4.1 Cross-sectional view of DMG TFET.
TABLE 4.1
Parameters Considered for Simulation
Parameter Value
Doping of source 10%%cm®
Doping of body 10"7/em?
Thickness of silicon body 10 nm
Thickness of gate oxide 3 nm
Channel length 50 nm
Tunneling gate length 20 nm
Auxiliary gate length 30 nm

4.2 DUAL MATERIAL GATE TFET

The structure of DMG TFET is shown in Figure 4.1. It is a double gate structure
composed of gate metals with different work functions on top and bottom. The part
of the gate near the source is termed the tunneling gate, and the part near the drain is
termed the auxiliary gate. All simulations presented in this chapter are based on
silvaco atlas. Non-local tunneling models are applied for the simulation. The
parameters used for the simulation are shown in Table 4.1.

4.3 DMG TFET CHARACTERISTICS

The impact of auxiliary gate work function (®,,,) on OFF current is studied in
Figure 4.2 and 4.3. In Figure 4.2, the device is under OFF condition, and when ®,,,
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FIGURE 4.2 Simulated energy band diagram of DMG TFET under OFF condition.
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FIGURE 4.3 Simulated energy band diagram of DMG TFET under ON condition for
different values of auxiliary gate work function.

increases, the overlapping of energy bands increases, leading to an increase in
tunneling width. This reduces the OFF-state current of the device. In the ON
condition, as shown in Figure 4.3 there is no effect of ®,,x on the energy band
diagram. As the auxiliary gate work function is increased beyond 4.4 eV, the
band overlap begins to decrease. However, the tunneling width is already high, so
tunneling the carriers is impossible.

The transfer characteristics of DMG TFET are shown in Figure 4.4 for different
values of the auxiliary gate work function. It can be observed that when the aux-
iliary gate work function increases, the OFF current reduces, but when it reaches
4.8 eV, the tunneling of carriers in the drain side increases, leading to an increase in
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FIGURE 4.4 Transfer characteristics of DMG TFET for different values of auxiliary gate
work function.

the OFF current again. There is also a slight decrease in OFF current with the
increase in auxiliary gate work function.

The impact of the tunneling gate work function (®yp,e1) On the energy band
diagram is shown in Figures 4.5 and 4.6. The auxiliary gate work function is kept
constant at 4.4 eV, and the tunneling gate work function is decreased from 4.8 eV to
4 eV. In the OFF condition, when @, is 4 eV, the OFF current is less as the
energy band overlap is not there. In the ON condition, when ®,,,¢; reduces, the
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FIGURE 4.5 Simulated energy band diagram of DMG TFET under OFF condition.
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FIGURE 4.6 Simulated energy band diagram of DMG TFET under ON condition for
different values of tunneling gate work function.

level of overlap between the energy band rises, and also tunneling width reduces.
Thus, ON current is increased. The transfer characteristics are plotted in Figure 4.7.
As the value of @, is decreased from 4.8 eV to 4 eV. ON current increases as the

@ unnel Teduces.

The value of ®@,,, and @y, can be optimized to obtain improved ON current
and OFF current. A large OFF current is observed when @y, is less than 4 eV and
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FIGURE 4.7 Transfer characteristics of DMG TFET for different values of tunneling gate

work function.



58 Tunneling Field Effect Transistors

10°® ;
10® + =
107 4
1078 4
107 4
10710 4
-1

10_12 ] I-tunn
107" v/ .'/' - I‘tunn
101 4 .,

1014 ./
107"% 4,
107 4

1 0-17 T T T T
0.0 0.2 04 0.6 0.8 1.0

Vgs (V)

— L
L,

=28 nm
=24 nm
=20 nm
=18 nm

tunn

tunn

Ip (A/um)

FIGURE 4.8 The transfer characteristics of DMG TFET for different values of channel length.

also when ®@,,, is greater than 4.8 eV. Hence, the value of ®,,, and ®yp,e; should
lie within 4 eV to 4.8 eV. If there is an increase in @, beyond 4.4 eV the ON
current reduces without any considerable reduction in OFF current. Hence, ®,,, can
be fixed at 4.4 eV. Molybdenum and tungsten offer a work function of 4.4 eV.
Dyunner 18 fixed at 4 eV and metals like molybdenum, nickel, etc., offer this work
function. The transfer characteristics for different channel length is plotted in
Figure 4.8. It is observed that the OFF current is well within the limit when the
device is scaled up to 20 nm.

The comparison of transfer characteristics of DMG TFET and SMG TFET is
shown in Figure 4.9. The ON to OFF current ratio is significantly high in DMG
TFET. The ON to OFF current ratio can be increased in SMG TFET by changing
the gate metal work function. The maximum ON current for SMG TFET is obtained
at a work function of 4.2 eV.

4.4 DMG TFET DRAIN CURRENT MODELING

Traditional MOSFETS size and dimensional gauging are limited due to second-order
effects that shoot up the thermionic emission carriers in the source-channel interface.
Due to this, it leads to the formation of various undesirable effects like high static
leakage current, subthreshold swing (SS) of the range greater than 60 mV/decade,
etc. Since the thermionic emission depends upon temperature, MOSFET has only
a minimum SS of 60 mV/decade at room temperature. The static leakage current
increases exponentially with the supply voltage and threshold voltage in MOSFET.
As a result power dissipation increases due to the mismatch between the scaling of
transistors and the scaling of the power supply.

Tunnel FET(TFET) [18-20] has a SS less than MOSFET, which is steeper and is
considered a favorable electron device in future upcoming technology. Tunnel FET
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FIGURE 4.9 The transfer characteristics of DMG TFET and SMG TFET.

works on the mechanism of band-to-band tunneling (BTBT), where the transport of
carriers takes place due to electron tunneling from the valence band of the source
terminal to the conduction band of the channel. BTBT does not depend on tem-
perature and due to this, it can achieve lower values of SS and hence operates at low
supply voltage. It can achieve a low OFF current and lower power consumption
when compared to MOSFETs [21,22].

Even though Tunnel FETs consume less power, SS below 60mV/decade and low
leakage current, the ON- current (Ion) is not sufficient for digital applications and
there is also a chance of an increase in the OFF- current because of ambipolar
behavior [23,24]. Conventional TFETs like Si-TFETs have low tunneling efficiency
due to the indirect bandgap mechanism, high tunneling barriers, and heavier car-
riers. To overcome these problems, profound research works are explored to
increase Ion of Si-TFETs. Some of these include the introduction of heterojunctions
[25,26] with a low bandgap in the source-channel interface [27], high k-dielectrics,
etc. [5,28].

The double gate TFET structure with the installation of a dual-metal-gate gives
considerable improvements in performance. Dual material gate-double gate TFETSs
(DMG-DGTFET) are made of two types of gates placed sideways. The gate in
proximity to the drain terminal is known as the auxiliary gate and the tunneling gate
is near the source terminal [29]. The tunneling gate’s work function is greater than
the auxiliary gate work function, which results in a higher source threshold than at
the drain. The fabrication of DMG devices is a difficult task. A lot of advancements
are made in the area of interest because of its advantages like steep SS and high
ON-OFF current ratio [28].

Different features of dual material gate TFETs have been analyzed with TCAD
simulations [28-30]. There is a need for an analytical model in a condensed
manner to better understand device operation characteristics and effectively
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simulate these devices. There is a need for modeling electrostatics and the carrier
transport in the channel for TFETSs like that in the MOSFETs. The short channel
effects can be neglected as TFETs work by band-to-band tunneling and not by
thermionic emission [31].

The initial models of simple TFET [32-36] and DMG-DGTFET [37-39] specified
in the literature have lots of drawbacks. The works related to SMG-TFETS consist of
comparatively complicated and incorrectly calculated surface potential formulated
using various approximations [33,34]. In DMG-DGTFET-based drain current
models, the source-channel and drain-channel depletion regions are discarded, also
tunneling through the drain-channel junction is not considered. There is a requirement
for modeling the drain-channel depletion region to accurately model drain current.

By analyzing TCAD simulations, it is evident that there is a variation of surface
potential in the drain-channel depletion region as we move from source to drain
until the drain potential is achieved. This inference is made such that the drain
depletion region cannot be completely discarded. The ambipolar effect in TFETSs
can also be detected by accurately modeling the drain depletion region to obtain an
accurate drain current model.

DMG-based TFET models [37-41] take into account only the tunneling of
carriers at the source-channel junction and it results in the inability to detect the
carrier-induced ambipolar current at the drain terminal at OFF conditions and
negative gate voltages. The doping determines the depletion region width at the
drain side, controlling the tunneling current at the drain. This phenomenon was not
incorporated into the existing models. So there is a need for a compact analytical
drain current model for DMGTFETS that considers both the depletion regions. The
analysis of tunneling at source—channel and drain—channel junctions along with the
different drain doping concentrations should also be studied.

The next section focuses on the analysis of the surface potential model of DMG-
DGTFETS using a pseudo-2-D solution of Poisson’s equation [42]. The modeling of
source and drain regions is done and a precise analysis of the tunneling dimensions
is carried out with an iterative method. The drain current model is derived by
assuming a non-local path tunneling approximation and the effects of variable drain
doping are incorporated into the model by employing some fitting parameters. The
model is framed by joining the BTBT generation rate [43] in the entire region and
gives significance to source—channel and channel—drain tunneling. The junctions are
assumed to have uniform electric field.

4.5 DEVELOPMENT OF THE SURFACE POTENTIAL MODEL

DMG-DGTFET structure taken for this study is shown in the Figure 6.6. It has following
parameters: p type doping in source (Ns) = n type doping in drain (Np) = 10 cm™,
p-type substrate doping (Ng,) = 10" cm-3, dielectric (SiO,) thickness (t.,) = 2 nm,
thickness of silicon body (ts;) = 10 nm, work function of tunneling gate = 4.0 eV, length
of tunneling gate (Ly,,) = 12 nm, channel length (Ltun + Laux = L) = 30 nm work
function of auxiliary gate = 4.4 eV and length of auxiliary gate (L,,x) = 18 nm. The ratio
of Ly, to Loy is 2:3 which is adopted from [28] gives better ON/OFF current ratio and
SS. Abrupt junctions are considered for this study.
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FIGURE 4.10 Cross-section of p-channel DMG-DGTFET, having regions -R1, R2, R3,
and R4, with interfaces at y0, y1, y2, y3, and y4, and corresponding surface potentials 0,
yl, y2, y3, and y4).

The voltage at the source terminal (Vg) is grounded and it is used as a reference
voltage. The gate voltage is varied to do the analysis and the supply voltage is 1V.
The entire device is divided into different regions and is shown in Figure 4.10.
Region R1 is the depletion region at the source side and R4 represents the depletion
region at the drain side. The channel is represented as two regions, R2 and R3
which are the portions under the tunneling gate and auxiliary gate. The boundary
conditions are applied for all the regions and 2D Poisson’s equation should be
solved in the regions of interest and 2-D potential is modeled from which the
electric field can be calculated. A semiempirical iterative method is used to cal-
culate the length of depletion regions.

A. Surface Potential Model
There is not much effect in mobile charge carriers [44] when the device switches
from OFF condition to the beginning of ON condition. The 2D Poisson’s equation
is given as

0% (x, y)/ox? + 0% (x, y)/dy* = —q Nyles; 4.1)

here y(x, y) is the surface potential, q denotes charge of electron and &g; is the
dielectric constant of Silicon, and Ny denotes the doping level of that particular
portion. The parabolic approximation function for the DG devices, is given by [45]

P, y) = ao(y) + ar()x + ar (n)x* 4.2)
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where the coefficients ag(y), a;(y), and a,(y) can be derived by applying the
boundary conditions.

The surface potential in the upper oxide semiconductor interface of the device ie,
at x = 0 is given by yy(y) = y(0, y). Similarly at the lower oxide semiconductor
interface, ie, at X = tg; is given as yp(y) = Y(ts;, y), it can be denoted as y(y), due to
symmetrical nature of the device.

The boundary condition related to lateral electric field €, at these two portions
are [42]:

& (0, y) = =& (tsi, y) = Clox [P — B () )/esi 4.3)

where C', is the capacitance at gate-oxide interface (which is equal to g,/t, with
€ox being the dielectric constant of the oxide, and t = t,, for regions under the gate,
and for other regions, t = nt,,/2 to take the fringing field effect of the caused by the
gate [46]), and yg is the gate potential which is given as

Y =Vo — @ +x+ Eg/2q) + ¢, In(Nap/n;) 4.4)

where yg can be yg; or ygs, in that case ¢ can be @, or @« In equation (4.4),
X is the electron affinity E, is the energy band gap and n; is the intrinsic carrier
and ¢, is the thermal voltage given by kT/q, where k is Boltzmann’s constant and
T is the absolute temperature.

Applying the boundary condition given in equation (4.3) to equation (4.2), the
coefficients ag(y), a;(y), and a,(y) can be obtained as

ao(y) = %)
a(y) = Clolth () — Pgllesi 4.5
o) = Culdg — h )/ (Esits).

Substituting the coefficients given in equation (4.5) into equation (4.2) changes the
Poisson’s equation which is a two dimension differential equation into one
dimensional and is given by

3P ()ay* — BHY(y) = —BHY, (4.6)

where B is given by (2C',,/(gsits;))1/2 and
Y, =Yg + q Netsil/(2C o). 4.7

The factors B and vy vary according to different regions due to varying changes in
doping levels, work function of gate metals, and gate capacitance values. The factor
1/B is the characteristic length in different regions.

Differential equation (4.6), is solved and the generalized solution for all regions
is given as

b)) =bi exp [y =y — Dl+c exp [-B;0 =y —DI+9, (48)
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where b; and c; need to be found out by applying the boundary conditions. the
segments [y; —1, y;;] is the defined boundary for each region where i = 1 — 4. The
values of ys at extreme ends of R1 and R4 are given by

z)bsly:y() = ¢O = - ¢t ln(NS/nl)

(4.9)
¢s|y:y4 = ¢4 = W+ b, In(Np/n;)
The surface potentials in all other regions can be derived by applying continuity
equations of potential and electric field

Ipsily=yi = 1ps(i+1)|y=yi

(4.10)
dihi/dyly=yi = dib,p)/dyly=yi

where i = 1-3. Solving equations (4.9) and (4.10) gives values of the constants
b; and c;, and surface potential in each region can be solved.

B. Source and Drain Depletion Region Lengths

The existing models [42] show potential y, dependent approximated depletion
region lengths which do not take into account the junction influence. This is not
physically admissible as it discards the source and drain junctions and gives wrong
results. So to solve this issue an iterative method that takes into consideration the
effects of junctions on vy, is detailed next

1. Step 1: To begin with, assume that y, controls the depletion region lengths
(L1, L4) and is given by

L1 = 265, (%,; — $0)/(q N)) (4.11)

L4 = 2e5( — $)/(q No) (4.12)

where N is the doping at source and N, is the doping at the drain. For 3 in
equation (4.12), can be obtained by substituting parameters of region 3 in
equation (4.7), where yg3 can be calculated from equation (4.4); while for v,
in equation (4.11), can be obtained by substituting parameters of region 1 in
equation (4.7), with yg, approximated as

Vo1 = Vo — Qun + X + Eglq (4.13)

Due to high source doping.

2. Step 2: the constants b;, ¢; can be calculated for each region using these
values of L1 and L4 by solving the equations (4.9) and (4.10).

3. Step 3: The surface potentials at interfaces, y; and 3, are calculated by
applying the constants obtained in Step 2.
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4. Step 4: Recalculating L1, L4 with yy, and yv3 calculated in Step 3 using
equation (4.11) and equation (4.12)

5. Step 5: Repetition of steps from 2 to 4 until it reaches convergence is taken
as L1 and L4 leading to the precise analysis of depletion region lengths.

The inference is that L1, L2 are dependent on gate voltage through the term y1 and
y3. As gate voltage increases the potentials y;, y; increase which leads to an
increase in L1 but decrease in L. The efficient evaluation of L; and L, is im-
plemented by an iterative method. As L, L4 depend on w1 and y3, closed form
solution is not available.

C. Model Validation

TCAD simulations [47] are used to verify the results of the surface potential model
for device structure in Figure 4.10. The model is validated for a different set of
parameters as shown in Figure 4.11 and Figure 4.12. Figure 4.11 compares the
device simulation and the surface potential model along the lateral distance for
different values of gate voltage and a fixed drain voltage of 1 V. On the other hand
Figure 4.12 plots the same comparison of the surface potential model for different
values of drain voltage and fixed gate voltage of 0.2 V.

The above figures show that the surface potential model has an excellent match
with that of obtained TCAD simulations. Similar matches were seen for all values
of gate voltage and drain voltage as well. In the region under the gate terminal as
seen in Figure 4.11 from the end of the source terminal, there is a linear increase
in the potential and the slope increases with an increase in the applied gate bias.
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FIGURE 4.11 Comparison of device simulation and the surface potential model along the
lateral distance for changing gate voltage and drain voltage kept constant at 1 V.
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FIGURE 4.12 Comparison of device simulation and the surface potential model along the
lateral distance for changing drain voltage and gate voltage kept constant at 0.2 V.

This shows that BTBT-induced electric field also increases and tunneling width
decreases at the tunneling junction. At the drain side, as the electric field increases
the potential rises which leads to an increase in drain current.

4.6 DRAIN CURRENT MODEL

A closed-form expression for drain current is derived here. A non-local BTBT
model [47] is used to compare results obtained from TCAD simulation. Here
electric field in the tunneling region is kept constant and it is obtained by taking the
average of electric field or taking the maximum electric field in the tunneling
region. A uniform electric field is assumed [43,48,49], the BTBT generation rate is
given as [47]:

Ggrer = A(EIE0) lexp (—BIE) (4.14)

In equation (6.14) E represents the electric field observed in the tunneling region, EQ
takes the value of 1 V/cm, P is a constant that can either be 2 or 2.5 [47] depending on
the tunneling process. The tunneling process can either be direct tunneling or phonon-
assisted tunneling. As silicon is the material here, phonon-based tunneling is the
dominating tunneling process present in this particular device. A and B are constants,
that have a value of 4 x 10'* cm™s™" and 1.9 x 107 V/cm.

The simulated energyband diagram of DMG-DGTFET is plotted in Figure 4.13
and the values of tunneling widths of the corresponding tunneling regions are
marked. Tunneling widths vary with the surface potential under different bias
conditions. When surface potential rises beyond the source potential y, by a value
equal to Ey/q, the minimum tunneling width 1; along the lateral tunneling path is
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FIGURE 4.13 Schematic energyband diagram of a DMG-DGTFET, exhibiting the width at
the tunneling regions.

obtained while tunneling gate length L, gives the maximum width 1, since @,
controls ON-state tunneling current. When surface potential goes down the potential
at the drain side, y, by a value equal to Ey/q, minimum width of 13 along the lateral
tunneling path is obtained while the length of the auxiliary gate L,,4 is equal to the
maximum tunneling width 1.

The drain current is obtained by integrating Ggrpr given in equation (4.14) over
the entire tunneling volume. By taking the average value of an electric field in the
tunneling region, the corresponding value is obtained as E,y, = Eo/(qlpam), here Ly
is the corresponding width of the tunneling region, ranging from 1; to 1, for the
source tunneling region, and from 13 to 1, in the tunneling region.

The drain current is given as [24]

hun=q [ Grsrdydx (4.15)

where Ggrgr is taken from equation (4.14) and by applying E,,,. Equation (4.15) is
valid for source and the drain tunneling currents with limits for y given from 11 to 12
and 13 and 14.

The sum of Louree and Ly, gives the total tunneling current (I,,). If the applied
gate voltage is high, [ .. dominates and I.,;, dominates for negative values of gate
voltage. It is due to higher BTBT at source—channel interface due to the increased
overlap between the valence band of the source and the conduction band of the
channel, at positive values of gate voltage. Thus I ,,c. has higher impact on I,.

The transfer (Ip—Vg) characteristics of DMG-DGTFET are shown in Figure 4.14
with drain doping Np as a parameter which is obtained from simulation results.
Ambipolar current of the device is reduced as the doping on the drain region is
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FIGURE 4.14 Transfer characteristics (Ip—Vg) of a DMG-DGTFET. Results with the model
represented by lines and TCAD simulation given by symbols with varying drain doping.

reduced. As the drain doping goes down, tunneling of carriers from drain to source
reduces and ambipolar current is suppressed. The drain depletion length (L,)
increases and leads to an increase in the parameter 13 under the same Vg at the
drain-channel interface resulting in less tunneling of carriers.

As gate bias voltage Vg is reduced progressively the reduction in the tunneling
current can be seen due to reduced source-channel junction band overlap. As Vg
is reduced consistently, the voltage Vg is approached. The VR is related to @,
and aux, and it is chosen as 0.2V as shown in Figure 4.14. where the decrease in
the overlapping of bands takes place at both junctions reducing the BTBT
mechanism. As Vgg is again reduced further the overlapping of energy bands
does not occur in the tunneling region near the source, but in contrast, there is an
increase in band overlapping at the tunneling region near the drain. Here a
considerable amount of current is not generated until Vg reaches OV in this
condition. With the reduction in Vg again energy band aligns at the tunneling
region near the drain and hence drain current Ig.,;, becomes an important
parameter in the total current Iy,,.

For Vgs < 0 as well as for Vgg > Vg the model results obtained gave great
similarity with the TCAD simulation results but there is a mismatch when the gate
bias goes below Vg. The least tunneling widths at both the junctions for these given
values of voltages become high and it can be seen as direct tunneling occurs
between the two terminals. Here we use the basic p-n junction theorem to determine
the drain current which wrongly predicts the actual current seen through simulation.
This gives the inference of other elements of current influencing the particular
region which contradicts the tunneling phenomenon. Here it is assumed that the
mechanism of generation of current in the reverse-biased source/drain-channel
junctions leads to the formation of current in these regions which is influenced by
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TABLE 4.2

Empirical Parameters Used in the Model

Np(cm™) a(A/pm) b(cm) c(A/pm) d(cm)
10%° 1.23 x 10° 8.06 x 107° 2.71 x 10%° 1.56 x 107
8 x 10" 1.08 x 10" 1.07 x 1073 6.31 x 10 1.72 x 107
6 x 10" 6.29 x 10" 1.49 x 107 1.18 x 107! 1.74 x 107
4 x 10" 2.67 x 10" 1.97 x 107° 2.60 x 107! 1.75 x 107
2 x 10" 4.96 x 10! 3.75 x 107° 473 x 10% 1.85 x 107°

the widths of depletion regions in these junctions, which is again controlled by the
concentration of the regions.

As Vg becomes greater, surface potential in equation (4.8) increases, therefore
leading to an increase in length L; given by equation (4.11), but L, given in
equation (4.12) decreases. As Vg is moved from 0 to Vopg Ip reduces but an
increase in Ip can occur with Vg between Vgogr and Vi.

Thus for obtaining a greater similarity of the model with that of device simu-
lations, fitting using an empirical function is used with the model when Vg is less
than Vi which depends on source and drain depletion lengths.

Iy =a exp(—b/L4), for 0< Vg < Vopr

(4.16)
c exp(—d/L1), for Vopr < V< Vi

the fitting parameters are given by a, b, ¢ and d. The selected values for the
parameters are given in Table 4.2 for different values of drain doping. The model is
accurate [shown in Figure 4.14 (lines)] for the entire operating range with respect
to different values of Np The drain current is non-zero when the drain voltage is
zero. To compensate for this current in the model [50], a correction factor should
be added and it is given by:

Jcorrection = 1 — 2/[1 + exp {Vp/(fo) }] 4.17)

where f is an empirical parameter. Thus, compactness and consistency of current
over entire bias regions for practical model can be used to implement the TFET
simulated designs.

We can also see other approaches to model drain current when drain voltage is zero
without any compensation parameters [51]. Here dual modulation effect can deter-
mine the drain current assuming that gate bias can influence the surface potential.

The modified models use the following relation corresponding to interband
tunneling [52], given by

Ir < Pr(E)DI(E)[f, (E) — f, (E)]D2(E)dE (4.18)
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The tunneling probability gives Pr, and Di is the density of states and fi (i = 1, 2) is
the Fermi—Dirac distribution function corresponding to regions, where ‘i’ takes the
value 1 or 2. This model becomes more accurate as the drain current depends not
only on the tunneling probability P, but also on the density of states.

The tunneling probability P, can be calculated using the WKB approximation
[41,53,54]. For TFET, the density of state function (f;—f,) is detached from the
tunneling probability. The first method is based on drain voltage only [40] while
second method depends on both the gate and drain bias. In both methods, the
occupancy function is multiplied by the probability of tunneling to compensate for
the zero drain voltage [53-57].

4.7 CONCLUSION

Here a 2-D DMG-DGTFET is developed to find the path of tunneling current
through the devices. The source-drain depletion effect is present and as a result,
better agreement of the model results for the surface potential is achieved with
respect to the TCAD simulation results for different gate and drain biases. Surface
potential determines the tunneling widths at both the source and drain junctions.
This is again modeled for the non-local tunneling current under the assumption of
an average constant electric field across the tunneling path. Consideration of BTBT
is recognized by source and drain regions; hence, ambipolar behavior is limited. A
fitting function with the effects of the current generation is first to be used to model
the overall drain current for gate bias equal to zero. The entire model results match
is analyzed as a function of gate voltage with changing drain doping concerning
TCAD simulations, which provides the best results.
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5.1 INTRODUCTION

In the past few years, several unconventional MOSFETs have been proposed as
device topologies to facilitate the advancement of semiconductor technology toward
the nanoscale. Double-Gate (D-G), Dual-Material Gate (D-MG), Circular-Gate
(C-G), and Dual-Material Cylindrical Gate (D-MCG) MOSFETs are some of the
device topologies that fall under this category. However, the Subthreshold Swing
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(SS) in these non-classical devices is restricted to 60 mv/decade (Tura & Woo,
2010) [1,2]. However, the SS of a TFET is not limited to 60 mV/dec at room
temperature. As a result of this, the supply voltage required to bias the transistor is
lowered, resulting in reduced power consumption.

Moreover, since the TFET device is operated under reverse bias conditions,
the leakage current Iogg is greatly reduced. Hence TFET is considered superior
CMOS devices that may be used in six-transistor SRAM memory cells and
digital circuits like NAND and NOR due to its rapid speed, high density, and
diminished short channel effects [3,4]. Throughout this chapter, the straight-
forward and precise parabolic approximation approach was used to determine
the analytical equations for lateral-electrical field surface-potential and vertical-
electric field of Single Gate Silicon-On-Insulator (SG SOI) TFETSs, Dual-
Material Gate TFET, Dual Material Double Gate TFETs and Surrounding Gate
TFETs. The parameters are modeled and simulated by various channel lengths
and applied biases.

5.2 DEVICE STRUCTURE

Figure 5.1 represents the cross-section structure of single gate SOI TFET.
The doping in the p+ type source and n+ drain areas is kept at 1 x 10*° cm™ and
1 x 10%° cm?, respectively. The buried-oxide thickness and the oxide layer thickness
typically have values of 2 nm. In the case of the electron as a majority carrier
device, the channel area is made up of intrinsic material, whereas the source is made
of holes as a majority carrier and the drain is made of n-type. Gate metal used in this
device has the work function of 4.5¢V [5].

It is assumed that the device is operating in its sub-threshold zone. As a result,
the source and drain channel intersections are guaranteed to be abrupt, and the
existence of mobile carriers is minimal. The buried oxide layer is connected to
the ground. Since the Boy layer thickness is supposed to be extremely thin, the
potential in the Box layer is expected to be zero. An accurate tunneling model is
essential to properly investigate the effect of tunneling on FET devices since it is the

Vg
i Voo
V 1
ss Gate T
= Gate oxide (S,0,) X
Len
Source Inhrinsic Drain
p+ t n+
Box
_Ground plane
y

FIGURE 5.1 Cross-sectional view of Single-Gate SOI TFET.
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TABLE 5.1

Abbreviations and Their Corresponding Explanations

S.No Abbreviation Explanation
1. TFET Tunnel Field Effect Transistor
2. CMOS Complementary Metal Oxide Semiconductor
3. SOI Silicon On Insulator
4. SG TFET Single Gate TFET
5. DMG TFET Dual Material Gate TFET
6. DMDG TFET Dual Material Double Gate TFET
7. CG TFET Circular Gate TFET
8. DM-CG TFET Dual Material- Cylindrical Gate TFET
9. SS Subthreshold Swing
10. SRAM Static Random Access Memory
11. DRAM Dynamic Random Access Memory
12. Box Buried Oxide
13. DIBL Drain Induced Barrier Lowering

primary and fundamental physical process that captures the device physics of the
tunneling FET [6]. The mathematical modeling for band-to-band tunneling was
derived by (Kane 1960). The list of abbreviations is given in Table 5.1.

5.3 ANALYTICAL MODELING OF SINGLE GATE SOI TFETs

5.3.1 MODELING OF SURFACE POTENTIAL

The 2-D Poisson’s equation gives the potential distribution for the TFET’s gate
oxide and channel region.

9% (x, y) . PP(x,y) _

0 5.1
0x? oy? -1

The parabolic approximation is used to solve eq. 5.1. using this method, the
potential distribution ¢ (x, y) throughout the 2 D space is estimated and as well as
the potential profile along the region is estimated by

$(x, y) = Co(x) + G0y + C2(x)y’ (5.2)

Where Cy(x), Ci(x) and C,(x) are arbitrary constants, which depend on the
x direction only.
Below are the boundary conditions needed to solve eq. 5.1 is given below

1. The surface potential is assumed to be @, (x)

¢ (x, ) lyo = B (x) (5.3)
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2. The source end potential is expressed as
$0-y) = ¢y (5.4)
3. The drain end potential is defined as

¢ Len, ¥) = ¢y, + Vs (5.9

4. For Single-Gate TFETsS, the flux at a top gate oxide contact is continuous.

0 (x, ) _ b — Vos + Vi Eox 5.6
ay y=0 Tox i
5. The electric flux in the BOX layer is zero.
a b}
9 (x, y) =0 (5.7)
ay y=tsi

Where, ¢, = %, Es is Band-gap, Vs is known as Gate -Source voltage, Vip
is known as the flat band voltage assumed to be zero, Vpg is known as Drain-Source
Voltage, ¢,; is known as Built-in potential, g is the elementary charge, ; is silicon
permittivity and ¢,, is silicon-dioxide relative permittivity.

The coefficients Cy(x), Ci(x), and C,(x) may be reformulated as a function of
surface potential ¢, (x) by solving eq. 5.2. The above boundary conditions are uti-
lized to solve the equation.

Co(x) = ¢ (x) (5.8)
G = & _IVGS * o = (5.9
o) = A Eax ) = Vou + Vi (5.10)

2tsi Ei Tox

Using the above eq. (5.8), (5.9), and (5.10), we may express the 2D potential-
distribution @ (x, y)

d.(x) — Vs + Vip -@y N 1 e @ (x) — Vg + VFBy2
Tox Ei lei i Tox

¢, y) =) +
(5.11)

The 2D Poisson’s equation (5.1) may be written as,

¢”s(~x) Eﬂy _ Lgﬂ ¢”s(~x) 2 _ Eox (¢S(X) - VGs + VFB) - O

¢"s(x) + ——

Tox Esi 2txi Esi Tox L5 Esi Tox

(5.12)
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The following 1D differential equation is created from the 2D Poisson’s equation by
using eq. (5.12)

P”(x) — k¢, (x) = k¢, (5.13)

Where, ¢, = Vi — Vs and k% = —=

ToxLi&si
Taking the partial derivatives of eq. (5.13) and using the boundary conditions,

we obtain the surface potential ¢, (x) can be written as
@ (x) = Ae® + Bek — ¢, (5.14)

A and B are arbitrary coefficients we can express the values as,
PO

2 sinh (k)

B= _71

2 sinh(kl)

(B (1 — ™) + ¢, (1 — ™) + Vgs] (5.15)

(B (1 — ) + ¢, (1 — &) + Vgs] (5.16)

5.3.2 Eiectric Fietp oF SG SOI TFET

By analytically calculating the potential as shown below, the electric field in the
vertical direction (E)) and electric field in the horizontal direction (E\) are founded.

0 y) e B ) = Vs + Vi N L $@) = Voo + VFBy

Ey(x,y) =
a)’ i Tox Ly Esi Tox

(5.17)

9p(xy —ki —ki
Exy) = = %50 = (8, (1= e 4 ¢,(1 = &) + Veslkel

+ ﬁhl(kl)[qsbl(l - eki) + ¢d(1 - eki) + Vcs]ke_kx

(5.18)

5.3.3 DrAIN CURrReNT OF SG SOI TFET

Carrier generation tunneling rate (G) throughout the device’s area is numerically
integrated to calculate the overall drain current. Numerical integration is done by
using Mathematica software. Therefore,

Ips = qWew j Gdxdv (5.19)

Where, Woy — channel width.
Here Kane’s model, applied to, compute the generation rate G. (Kane 1961) [7].

G(E)=a E exp(—%) (5.20)

Using equations (5.17) and (5.18), the generation rate G (E) can be written as



78 Tunneling Field Effect Transistors

1 cox $(0) = Vos + VFBy)2

Isi Esi Tox

1 —ki —ki
—m[%i(l — e+ g (1 = e
1 i
zsinh(k1>[¢bi(1 —e

+ ¢d(1 - Eki) + V(;S]ke_kr

Esi Tox

(_ cox B (¥) — VG + VB

G(E) =
+ + Vcs]kek”x +

(5.21)

b
x exp| —

2
| fox b5 = VGs*+ VFB | 1 ox () ~ VG * VFBv N
| )

Esi Tox Isi Esi fox

2
[ (1 — e Ky + ¢ (1 — 1) + VgsTke ¥ +

|
“ 2 smh(kl )

-
\ 2 smh(kl Zsinad) i

The parameters utilized for the model are a and b. The values are 3.0 x 107 V/cm
and 9.6615 x 10'8 cm™'s~'V2 respectively. We can express the field intensity by
adding both vertical and horizontal applied fields.

ki) 4 ¢, (1 = k) + VggTke ™

E=E}+ Ey2 Finally, the drain current can be calculated after substituting
eq. (5.20) and (5.21).

Ips = gWen IOL I(I)V o

a

(_

1
" 2sinh (k) (8 (1 =

ox $s (%) — VG5 + VB

Esi Tox

-1
s (8 (1 —

1 oy () — Vs + VFBy)2

Isi Esi Tox

) . 2
ek + ¢, (1 — ek 4+ Vgglke™

e + ¢, (1 — €5y + Vgslke ™

dxdy

b
exp| —

( cox $s () VG5 + VFB | 1 gox () = VGs+ VFBy)Z .

Isi Esi fox

|
[ 2 smh(kl) Zsmngay Poi (1~

(i (1 — ek + gy (1 — k) + Vs ke =¥

Esi Tox

ki) + (1 — k) + VgglkeK +

2 ﬂnh(kl)

(5.22)

Figure 5.2 shows the variation in the electric field and is compared with the values
obtained from the simulation for various Vgg=0.3 V and Vpg=0.1 V over the
entire length of the channel (Lcpanne = 18 nm) for single-gate TFET. The electric
field in the lateral direction of the channel is much less than that in the vertical-
electric field of the channel. Also, for various gate biases, the entire channel is
covered by the electric field. The minimum field near the source will help us reduce
the channel’s hot carrier.
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FIGURE 5.2 Effect of gate to source voltage on Ex and Vpg=0.1 V (LChannel = 18 nm).

The gate-source voltage is increased from OV to 0.4 V. It can be inferred from
Figure 5.3 that the electric field peak is obtained at the right ordinate of the graph.
In the middle of the channel, the reduced field indicates the reduction in carrier
scattering. The vertical electric field distribution has become larger near the
source side, causing more electron tunneling. It may be observed from the figure
that the short channel TFET’s vertical electric field is higher than those long
channel (Lcy = 100 nm) TFETs which leads to enhanced performance by the SG
TFET.

Figure 5.4 shows the surface potential versus channel length for SG SOI TFETs
with various Silicon film thickness tg; values. The figure shows how significantly
lessening the thickness of the active Si film for SG SOI TFET may diminish the
reliance of the surface potential on the channel length. As the film thickness
increases, the potential profile along the channel, because higher thickness gives
more tunneling path, more electrons will start to flow in the channel region. As well
as the small value of tg gives a small amount of carriers getting flow into the
channel.

Figure 5.5 depicts the drain current comparison obtained by the model and the
simulation for SG SOI TFETs. The drain current rises with increasing gate-source
bias, as indicated in the figure. In the figure, As the positive supply of Vgg rise,
electrons get tunneled into the heavily doped p-type source region’s valence band to
the conduction band, increasing the tunneling current. Hence the device function as
an N-type SG SOI TFET [8]. Similarly, when the negative values of VGS rise, more
electrons tunnel from the N+ drain region’s valence band to the channel region’s
conduction band, increasing the tunneling current. As a result, the device functions
as a P-type SG SOI TFET.
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FIGURE 5.3 Vertical electric field at Lcy =18 nm and Vpg=0.1 V.
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FIGURE 5.4 The effect of silicon-thickness on the surface potential profile of a SG SOI
TFET (Lchannel = 18 nm).

5.4 DMG TFET-ANALYTICAL FORMULATION

Dual Material Gate (DMG) SOI TFETs are promising devices to continue CMOS
technology scaling in the sub-22-nm regime because they 85 provide better
control of short-channel effects (SCE) as compared with SG TFETs. The DMG
TFET device is fabricated using Silicon on insulator (SOI), which offers higher
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FIGURE 5.5 Ips-Vgs characteristics of short channel SG TFETs with channel length.

electrical characteristics over SG SOI TFET, such as reduced leakage current,
excellent latch-up immunity, and enhanced output current. With the aid of the
parabolic approximation approach, the prospective advantages of the DMG
TFETs are to be investigated., which provides simple and accurate predictions.

5.4.1 Device ScHEMATIC oF DuAL MATERIAL GATE TFET

The schematic structure of dual material gate TFET is illustrated in Figure 5.6.
Strongly doped p-area and n-areas serve as the source and drain, respectively.
An n-type layer with considerable doping makes up the intermediate channel
region. The gate dielectric employed in this system is silicon dioxide (SiO2). The
gate is made up of two different materials, named M; and M,, and has lengths, L
and L, as well as two distinct work functions, ¢, and ¢ ,. The gate material
close to the source has a lower work function, while the gate material closer to the
drain has a higher work function.

Vs

L1 Lo Vo

-||]| -

Gate Oxide Itv
Source [ Drain
p+ Intrinsic n+
tsox] BOX
Ground Plane L
FIGURE 5.6 Schematic diagram of DMG SOL.
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Due to the presence of two materials in the gate, it is possible to write the
potential under Material (M;) and Material (M) as

06, y) =) + Gi(x)y + Ga(x)y* 0<x<L (5.23)

¢, (x, ¥) = B (x) + Co(x)y + Cop(x)y* Lisx<Li+ L (5.24)

Similarly for Dual material gate the surface potential is obtained by solving
eq. (5.23), (5.24).

@, (x) = Ae™ + Be™ — 0<x< (5.25)

gl

¢, (x) = Ce™ + De™* — o Lisx<Li+ L (5.26)

Where A= [ ) = Voo = Gy + X + Egl2, hyy = Vos — by + X + Eg/2. The

Esiloxlsi

expression for the coefficients A, B, C and D is

[V = B0 BT = [Vig + Vi — ] + [ — hp)cosh(ALy)]
eAli—Ly) _ pA(Li+Ly)

(5.27)

B [Vai + Vos = $o] = [(Vii = )t B12] — [(1h; — Pp)cosh(ALy)]
= e/l(Ll_LZ) _ e/I(L|+L2)

(5.28)
b1 =9
C = Aell 4 %gz (5.29)
b = ¥
D= Beil 4 8L "2 (5.30)
2
The lateral and vertical electric field for DMG TFET is given by
[(Voi = o) e*H=2) T —[Vii + Vs — Y] + [ty — Pyp)cosh(ALo) | e
d¢ : (.X) eA(Ll—Lz) _ e/l(L1+L2) /‘le
E(x)= -1 =
1 dx Vit Vos = Yol = [V = Yy)e B2 =1y, ~ hp)cosh@LIT ) ) 3,
- ALI—12) _ (A (Li+1p) e

0<x< L (5.31)
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Ey(x) = —% = —[(Ae“‘ + M)/Me’“

- (Be—ﬂl + w}le—hl Lisx<L+1L, (5.32)

EQ)=—

dy Esi Tox Ztsi i Tox

d¢v1(x’ y) — l_(gox QSSI(.X) B lpgl) — Zy( 1 Eox ¢Sl('x) B lpgl):|

0<x< L (5.33)

E(y) = - HE_M)

dy Esi Tox
(st

)l Li<x<Li+1L, (5.34)
2tsi Esi Tox

In a DMG TFET, BTBT of electrons from the source’s valence band to the channel
region’s conduction band is generated by current IDS. Kane’s Model may determine
the tunneling generation rate (G). The total drain current is calculated by numerically
integrating the tunneling probability throughout the device’s area. Therefore,

L +Wey
Ins = g jo jo “ Gdxdy (5.35)

By using eq. (5.20), the drain current is computed.

Figure 5.7 demonstrates the estimated values that are obtained from the simulation
of the vertically applied electric field throughout the channel location for various gate
voltage levels. The vertical electric field’s peak may be seen in the graph, and it is
visible to be close to the source side. i.e., region under metal M;. This causes an
increase in the rate of tunneling. This finding results in a rise in the tunneling current.
With the modification of the work function, the electric field close to the drain
diminishes. i.e., the area beneath metal M,. It is evident from the findings that the
analytical model’s computed values closely match the simulated ones.

For DMG TFETs with various gate oxide thickness tox values, the vertical-
electric field versus the channel length was displayed in Figure 5.8. The increase in
the gate oxide thickness results in worse gate electrostatic control. The graphic
illustrates how decreasing the gate oxide’s thickness can significantly increase the
vertical electric field’s dependence on channel length. The electric field within the
oxide might become quite strong if the oxide layer is too thin. Tunneling leakage
current becomes the most significant limiting factor for SiO, layers thinner than
1.5 nm.
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FIGURE 5.7 Electric field comparison of DMDG-TFET along the length L =20 nm for
various gate biases and Vpg=0.1 V.

x 10°

Solid Line : Analytical Modeling
Symbol : Simulation

Vertical Electric Field Ey (V/cm)

-1.5

) 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Channel Length (nm)

FIGURE 5.8 Effect of gate oxide thickness on vertically generated electric field of
DMG TFET.
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FIGURE 5.9 Ip-Vpg variation of Dual-Material gate TFET.

Figure 5.9 displays the drain current variation of DMG TFET with a channel
length of 20 nm. As the applied drain voltage is greater than the gate voltage, the
electron concentration in the channel region is not influenced by the gate voltage,
and electrons are depleted, leading to high channel resistance. Due to this feature,
most of the applied drain voltage decreases at the junction of the channel and drain,
and the drain voltage likewise has no impact on the tunneling width at the source
and channel junction.

5.5 ANALYTICAL MODELING OF DUAL MATERIAL DOUBLE GATE
TUNNEL FIELD EFFECT TRANSISTOR

5.5.1 INTRODUCTION

Balestra et al. (1987) proposed a new Double-Gate (DG) control Silicon On Insulator
(SOI) transistors for the first time, which is operated under a strong inversion region.
This device offers excellent performance in terms of an increase in subthreshold
slope, transconductance, and drain current. However, this new device model analysis
is limited to the strong inversion region. The DMG principle is implemented in the
Double Gate TFET device to obtain better ON current characteristics of the device.
Two-dimensional analytical modeling is necessary to derive the surface-potential and
electric field distribution models that properly account for the channel dependence
of the DMDG TFET device.



86 Tunneling Field Effect Transistors

5.5.2 Device STrRucTurRE oF DMDG TFET

Figure 5.10 depicts the schematic construction of the DMDG TFET. That contains
two gate metals of lengths L; and L,. Strongly doped n-type and p-type areas
make up the drain and source, which have corresponding carrier concentrations of
10%° cm™ and 10%° cm™. A p-type material has a concentration of 10'7 cm™ used
to create the intermediate channel area. Gate material near the source has a lower
work function (4 eV) than gate material at the drain (4.6eV). The work function
variation shows the advantages of the extremely capable DM-DG TFET device.
Contrary to normal MOS devices, tunnel field effect transistors operate funda-
mentally differently. In order to obtain better Iogr and Iy current, the study of DM-
DG TFET operation is studied by taking into account two distinct situations of
variable work functions, ¢, and ¢, , alternately.

Case (i): Consider the work function ¢, is decreased to 4.0 eV in the OFF state,
there is no band-overlap on the source side, therefore, the Iogg is anticipated to be
relatively low. The band overlap and tunneling width grow in the ON-state as ¢,;
declines, resulting in a considerable rise in the source-side tunneling probability. As
a result, the electrons travel through drift diffusion from the majority hole source to
the conduction band of the intrinsic region.

Case (ii): As ¢,, is raised, the OFF-state tunneling width grows and overlapping
bands on the source region drop, resulting in a significant fall in the OFF-state
tunneling probability. However, in the ON-state, the band diagram is not greatly
altered by the rise in @, ,.

The surface potential comparison for a single gate, dual material double gate,
and double gate is shown in Figure 5.11. The graphic shows that there is a rela-
tionship between surface potential and channel length. To analyze the result, the
gate-source voltage is fixed at OV. By comparison, the surrounding gate gives a
better surface potential of 0.541V.

Figure 5.12 demonstrates the estimated and modeled outputs of a DM-DG TFET
surface potential over the channel for various gate lengths corresponding M1 and
M2 combinations. Because when gate length L, is shortened, the peak-electric field
changes to the source side. This peak electric potential results in a more uniform

FIGURE 5.10 Schematic Diagram of Dual Material
Double Gate Structure.
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field in the channel, which allows the device to function at a greater carrier drift
velocity. A higher value of L, produces a significant rise in the potential at the left
ordinate of the graph, indicating the reduction of SCEs.

Figure 5.13 demonstrate the drain current properties of Dual Material DG-
TFET for change in metal two work-function-¢, ,. At the source side, metal one
work-function of-¢, ; is kept constant at 4 eV. The figure makes it clear that the
increased work function of M2 does not greatly impact the tunneling current at
the drain end.
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5.6 SURROUNDING GATE TFET- ANALYTICAL FORMULATION

Hence, the surrounding gate principle concept was implemented in the TFET
structure by Verhulst et al. (2010). A novel model-based framework was created
to show how a Double-Gate TFET, single-gate TFET, and Gate-All-Around
TFET configuration may be directly compared. When employed as a switching
device in arrayed structures like high-density Dynamic Random Access Memory
(DRAM) and Static Random Access Memory (SRAM) cells, where a tiny device
shape and low leakage current are crucial, surrounding-gate MOS devices are
very attractive. While moving to the sub-22 nm region, the Surrounding Gate
MOS produces a deleterious leakage current. In order to avoid this problem, a
novel approach to implementing the Surrounding Gate in the TFET structure is
developed in this thesis work. Simple, compact, analytical models are needed to
apply the devices to integrated circuits. Device models for circuit simulation
should be precise, process-based, and computationally light. It is generally
acknowledged that using surface potential may give a decent representation of the
physical behavior of transistors and produces more accurate forecasts of the
functionality of integrated circuits than other approaches, especially in nanos-
tructures and high-frequency operations.

5.6.1 DEevicE SCHEMATIC OF SURROUNDING GATE TUNNEL FET

Figure 5.14 depicts a Surrounding-Gate TFET in cross-section. The coordinate
system is made up of an angular direction (6), a vertical direction (z), and a radial
direction (r). Strongly doped n-region and p-areas make up the source and drain. An
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FIGURE 5.14 (a) Schematic diagram of surrounding gate TFETsS, (b) Cross-sectional view
of the sectional diagram.

n-type layer with considerable doping makes up the intermediate channel region.
The gate dielectric employed in this system is silicon dioxide (SiO2). A positive
gate voltage causes the transistor to act as an n-TFET, while a negative gate voltage
causes it to behave as a p-TFET. The energy barrier between the source and the
intrinsic body is reduced by raising the positive gate voltage. Then, electrons flow
via drift diffusion toward the n-doped drain after tunneling from the p-doped source
to the intrinsic body.

5.6.2 MODELING OF SURFACE POTENTIAL

For the sake of simplicity, it has been assumed that the junction between the
interface of source/ channel and interface of drain/channel is very sharp and the
TFET operates at the subthreshold regime, where the charge carriers are minimal.
The source/drain region has not been presumed to really be depleted. The following
is the 2D Poisson’s/Laplace equation that was used to determine the potential across
the device and the channel-potential at the SiO,/Si interface:

0 (5.36)

li(ragﬁ(r, z)) L P00 _
r or or R

The parabolic estimation is used to approximate the 2D Poisson’s Equation for the
n-channel FET. The used equation is presented as:

¢(r,z) = Co(2) + C2)r + Co(2)r? (5.37)
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Where, Cy(z), Ci(z), and C,(z) are arbitrary constants which are the function of
vertical direction.
The below boundary conditions are used for the solution of equation (5.37) are,

1. The surface-potential ¢, (z) is depends on the vertical direction (z)
PR, z) = 51(2) = ¢,(2) (5.38)
2. Silicon pillar has electric field of zero in the middle.

¢ (r, 2)
or

=0 (5.39)
r=0

3. Silicon/oxide interface experiences a continuous electric field.

8¢érr, 2) - :ﬁ % (5.40)
- ) R
4. Source end potential is defined as
$0,0) =¢(0) =V (5.41)
5. Drain end potential is expressed as
¢(r, L) =¢(L) = Vi + Vg (5.42)

The coefficients Cy(z), Ci(z), and C,(z) could be reformulated in terms of surface
potential ¢, (z) by imposing all boundary conditions to eq. (5.37).

R G
o) = 4@ = 5L = 42 (5.43)
C(iz)=0 (5.44)
@=Ly, - 80 (5.45)
2= 2R Ei G $ ¢ ’

Substituting the eq. (5.43)—(5.45) in (5.37)

s _RG 14
¢(r,2) = ¢ 2) 2 e g — ¢,(2) + R e,

W — $,@)r*  (5.46)
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Using eq. (5.46), the 2-D Poisson’s equation (5.36) can be expressed as

%g% ~ 4+ dzf‘z‘f) + 25"25;? - %gd?‘f) =0 64D
Equation (5.47) can be rearranged as
% — k¢, (2) = —k*Yg (5.48)
By solving the second order differential equation
¢ (z) = Aek + Be™ + 1), (5.49)

The coefficients A and B can be expressed as

{e"Vyis — (Vois + Vps) } — {e%kz,bc (stinh (%k)) }

A=Vy— 1, —
(i 2jsinh (Lk)

(5.50)

{eHViis — (Viip + Vps) } — {9%11% (stmh (%k)) }
2jsinh (Lk)

B = (5.51)

5.6.3 MODELLING OF ELecTrIC FIELD

By differentiating the surface potential, it is possible to derive the distribution
of the electric field over the channel length. The equation for lateral electric
field is

_0¢(r.2) _ 94

E = 5.52
¢ 0z 0z 22

{eXVyis — (Viis + Vps) } — {e%k¢6 (2jsinh (%k)) } Kz

Voi — g — 2jsink (Lk) e
E.=k (5.53)

(M his = Vi + Vo)) = { 3 (2isinn (4)) }
- 2jsinh (LK) ¢

—kz
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The formula for vertical-electric field is,

£= 202 (5.54)
or
_ 0 _1G
B =Ry, Yo m @ (5.55)

5.6.4 DerivATION OF DRAIN CURRENT

After that, the tunneling rate throughout the device’s area is numerically integrated
to get the overall drain current.

Ips = qrr? j j G (r, 7)drdz (5.56)

The tunneling generation rate is given by,

3
E2
|E|2 _Bku/xe|2~|:|
G(r’ Z) = Ak(me e (557)
AY) Eg
2 A 21312
@\ 2mpner T°Ey" Munnel 12 1 1 1
Where, Aape = T Brane = P = +
W JE, gh Mugnel — MpMo — MeMo

mo- a mass of the free electron, m,, my,- the effective electron mass and effective
hole mass.

Besides the parameters, the film thickness can also be used to control the surface
potential of the device. Figure 5.15 illustrates the overall surface- potential versus
channel length for surrounding gate TFETs with various Si film-thickness 2R
values. As seen in the picture, increasing the thickness of an active Si film for the
Surrounding gate TFET may significantly increase the dependency of the surface
potential on the channel length.

The effect of the oxide-thickness t,, in the surface potential has been shown for
the Surrounding gate TFET in Figure 5.16. The surface potential has been plotted
against the L for different values of t,,. Decreased oxide thickness has been proven
to improve the surface potential’s dependence significantly. Therefore, downscaling
of the oxide thickness reduces the DIBL effect. When the drain bias rises, the gate
never loses control over the channel. However, to prevent tunneling through thin-
oxide and hot carrier effects, oxide-thickness cannot be reduced to extremely low
levels. Table 5.2 lists the potential values at the surface for various device
parameters.

Figure 5.17 shows estimated values of the lateral electric field for various gate
voltages of the Surrounding-gate TFET structure, based on an equation. The
device’s Drain/Source bias is the major contributor to the lateral-electric field.
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As the lateral-electric field increases and the source-drain bias becomes more
pronounced, the gate influence through the channel reduces. Whenever gate voltage
is changed, the vertical electric field inside the channel area changes more dra-
matically, whereas the lateral electric-field changes less. The horizontal electric
field is much more prominent in the device configuration, as evident from the figure.

Figure 5.18 demonstrates the surrounding-gate TFET’s drain current value at
drain voltages of 0.4 V and 0.8 V and the channel length is about 20 nm for both
modeled and simulated values. When VGS is positive, electrons travel from the
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TABLE 5.2
Surface Potential of Different Device Structures for Various Device
Parameters

Device SG SOI TFET DMG TFET DMDG TFET Surrounding Gate TFET
Parameter Surface Surface Surface Surface Potential (V)
Potential (V) Potential (V) Potential (V)

Vas 0.1V 0.61 1.35 1.45 0.61

02V 0.71 1.82 1.99 0.69

03V 0.81 2.24 2.54 0.767
tox 3 nm - 1.23 1.53 -

2 nm - 1.34 1.78 -

x10°

Solid Line : Analytical Modeling
Symbol : Simulation 1

Lateral Electric field (V/cm)

0 2 4 6 8 10 12 14 16 18 20
Channel Length (L)

FIGURE 5.17 Lateral electric-field for L = 20 nm, Vpg = 0.5 V with various gate voltages.

p+ source area to the channel region, increasing the tunneling current. The device
acts as an n-type surrounding-gate TFET under these circumstances.

Figure 5.19 depicts the simulated potential profile and computed surface-
potential profile for several TFET structures with a channel length of L = 18 nm for
various drain voltages. The potential in the vicinity of the drain area rises as the
drain voltage rises. However, the potential has not significantly changed close to
the source location. Consequently, it is determined that the drain voltage seems
to have no effect on tunneling at the source side. It can be seen that the surrounding
gate offers improved surface-potential results in relation to drain-source voltage.
The drain current for the different devices is shown in Table 5.3.
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FIGURE 5.19 Surface-potential comparison of DMG TFET, SG SOI, DMDG TFET,
and surrounding gate TFET.

Figure 5.20 demonstrate the modeled results obtained from the simulation
of vertical electric-field distribution through the distance from the source end
for various values of gate biases. The channel length is considered 20 nm, which is
analytically obtained by Equation (5.54). The graph shows that the vertical electric
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TABLE 5.3
Drain Current Comparison of Advanced TFET Structures
Device SG SOITFET DMG TFET DMDG TFET Surrounding Gate TFET
Parameter (Vo) Ips (A) Ips (A) Ips (A) Ips (A)
ov 0.5 x 10713 2.9 x 10715 2.12 x 1071 1.08 x 1071
0.5V 1x 10713 1.9 x 10713 2.6 x 1075 5.6 x 10710
v 0.05 x 10710 6.4 x 1070 8.9 x 107 2.1x107°
x10°
1.5 —TT — T T

Solid Line : Analyical Modeling
Symbol : Simulation

Vertical Electric field (V/cm)

0 2 4 6 8 10 12 14 16 18 20
Channel Length (L)

FIGURE 5.20 Effect of gate bias on vertical-electric field of surrounding-gate TFET.

field’s peak is close to the source side. The pace of tunneling is increased as a
result—the tunneling current increases as a result of this phenomenon.

5.7 SUMMARY

The high speed, ultra-dense integration, power consumption, and matching will
be the principal issues for future MOS Technology with few nanometers of
channel length. Persistent downscaling of MOS transistors results in severe short-
channel effects and a large leakage current, preventing MOSFETSs from becoming
more miniature. TFET is believed to be the ultimate field effect transistor that is
scalable to the nanometer regime. Future technology can overcome formidable
obstacles with the help of modeling and simulation. This chapter describes



Modeling of Gate Engineered TFET 97

physical device difficulties with modern TFET architectures. A device model for
circuit design should be precise and computationally effective. It is commonly
acknowledged that the use of surface potential can produce better forecasts of
integrated circuit performance and can offer a decent approximation to the actual
behavior of transistors.
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6.1

INTRODUCTION

In 1963, complementary metal oxide semiconductor technology was introduced
by Frank Wanlass. CMOS technology is an organization of two types of
MOSFET: P-type and N-type. CMOS technology has dominated the silicon
industry due to various advantages. In 1966 the first ion-implanted MOSFET was
introduced [1]. The transistor packing density of integrated circuits has pro-
gressively increased from small-scale integration to very-large-scale integration
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to reduce the size and lower device cost. The performance of the MOSFET is
increased by reducing some critical parameters known as scaling.

The scaling of the device decreases the channel length, due to which the device
behavior deviates from the long channel effects to the short channel effects. The
potential distribution and high electric field across reduced channels cause short-
channel effects. The decrease in channel length or increase of drain bias results in
decreased punch through voltage, an increase in subthreshold current, an increased
subthreshold gate swing, and a fall in the threshold voltage. Due to the high electric
field, the channel mobility becomes field sensitive, leading to velocity saturation.
On further increase in the field across the drain region, carrier multiplication ensues,
leading to the parasitic bipolar transistor action and substrate current. High electric
fields also promote hot-carrier injection hooked on the oxide, resulting in oxide
charge and transconductance loss.

To overcome these short channel effects and subthreshold swing reduction, the
Tunnel Field Effect Transistor (TFET) is introduced. The Single Gate (SG)TFET
was initially introduced using a band-to-band tunneling mechanism. The current
performance of the SGTFET device is low. To increase the current performance
of SGTFET, various TFET devices with double gate, tri-gate, and nanowire were
introduced [2]. Also furthermore, to increase the performance of the TFET
device, heterojunction using different materials across the source and channel is
introduced.

6.2 DOUBLE GATE HOMOJUNCTION TFET

This chapter will describe double gate homojunction TFET first, and then double
gate heterojunction TFET will be explained. Figure 6.1a briefly illustrates the
classification of modern TFETs. Even though there are many kinds of TFET, in
this chapter, we will cover heterojunction TFET for on-current improvement
[Figure 6.1a]. Especially various materials (Ge, InAs, GaAs, GaSb, GaAsSb,
InGaAs) would be introduced for designing heterojunction TFET.

Figures 6.1b and 6.1c show the schematic diagram of DG TFET and its energy
band diagram. The DG TFET can also be called a gate-controlled PIN diode, as the
electrons tunnel from the source valence band to the channel conduction band based
on the gate voltage control. The tunneling barrier width can be varied based on gate
voltage changes [3].

6.3 HETEROJUNCTION TFET

Homojunction TFET operates as a reverse-biased p-i-n structure. For example,
considering nTFET working principle, the device is generally in OFF-state
condition with a very modest IOFF current involvement when the valence band
at the source region and conduction band at the channel region are not allied
at zero gate voltage. As positive voltage is applied at the gate terminal, the
channel regime’s conduction band is dragged down below the valence band of the
source regime, and the energy window A® overlays two bands. As a result, only
carriers with energies inside this window can tunnel into the conductive channel.
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FIGURE 6.1 (a) Schematic summary explaining the classification of modern TFETs.
(b) Schematic view of double gate (DG)TFET. (c) DG TFET band diagram and its operation.
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This is an essential aspect of TFET functioning because it allows for the active
filtering of electrons with high energy in the source Fermi distribution. It’s
also worth noting that certain TFET devices use a PN-junction instead of a pin-
junction to operate appropriately, which necessitates using a gate bias to deplete
the regime adjacent to the source and switch off tunneling [4]. The ON-
state current is proportional to the tunneling probability (T) in the BTBT
mechanism, which can be calculated using the Wentzel-Kramer-Brillouin (WKB)
approximation.

42 \[E}

" 3gh(E, + AD)

6.1)

where m* is the effective carrier tunneling mass, Eg is the energy band gap, X is
the tunneling screening length. The tunneling probability can be achieved close
to 1 by optimizing the Eg, m*, and A with the proper selection of the materials
using heterojunction. In heterostructures, outstanding transport qualities can be
combined with band alignment engineering, and an optimal blend of band
alignment and tunneling interface can be produced. Different material combi-
nations can be used for the formation of heterojunction structures, such as
Germanium (Ge), Indium Arsenide (InAS), Gallium Arsenide (GaAs), Gallium
Nitride (GaN), etc.

6.3.1 GermaNIUM HEeTErOJUNCTION DGTFET

Germanium material usage in heterojunction provides a powerful solution for the
low ION current performance and subthreshold swing.

Ge material can be used for all transistor regions, source regions, or drain regions
for the TFET structure. Figure 6.2 depicts the basic structure of the TFET device.
The combination of different materials study is shown in Table 6.1 [5].

FIGURE 6.2 Basic tunnel field effect transistor schematic view [5].
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TABLE 6.1

Germanium Material Combinations of the Devices Analyzed

Case Source (p-type 10*°cm™3) Channel (Undoped) Drain (n-type 10'3cm™3)
Case 1 Si Si Si
Case 2 Ge Ge Ge
Case 3 Ge Si Ge
Case 4 Si Ge Si

Case4d
I . (Direct)/--,»
Case3 | T ——-] —_’/
1.12ev (Indirect)[ = ===
| — P [100) I [111] L
A [100] I| [111]

FIGURE 6.3 Schematic energy band diagram of silicon and germanium material.
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FIGURE 6.4 Comparison graph of the energy band of different combinations of material
from case 2 to case 4.

The schematic energy band diagram of germanium and silicon material is
shown in Figure 6.3. It depicts that the tunneling width of the Ge material is
smaller than the Si material. Thus, the leakage in the Ge material is negligible,
due to which the ambipolarity of the device reduces. Figure 6.4 compares the
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energy band diagrams for different material combinations from case 2 to case 4;
out this case 4, when the channel material is Ge provides the lower energy
bandwidth due to which tunneling of charges increases from the source valence
band to channel conduction band.

Figure 6.5a shows the comparison plot of case 1 to case 4, it represents that
the Si homojunction TFET device resulted in very low Ipy and Sub-
threshold Swing characteristics, ascribed large tunneling resistance because of
large silicon bandgap(—1.12 eV) and in part to the low band to band tunneling
efficiency due to indirect bandgap. Ge homojunction TFET from table case 2
showed significant improvement in ION and SS but suffered from the ambipolar
current because BTBT resistance at drain and channel junction was also
reduced. Heterojunction (Ge/Si/Ge) structures (case 3 and 4) has shown higher
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FIGURE 6.5 (a) Drain current versus Gate voltage comparison plot for Vpg = 0.50V
(b) Drain current versus Drain voltage comparison plot for Vgg = 0.50V.
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current performance, such Ioy and Igrg which also significantly reduces the
ambipolar current.

6.3.2 GerMANIUM HETEROJUNCTION DGTFET

Figure 6.6 presents the schematic energy band diagram of heterojunction (InAs/Si)
TFET device across the source-channel interface and gate oxide semiconductor
interface. It is studied that charges outside the narrow band of tunneling may
interject to flow of current; this might potentially improve current levels but
simultaneously has an impact on variations of subthreshold swing. Figure 6.7
represents the two-dimensional view of TFET with either Si/InAs/Ge source
material for the formation of heterojunction.

From Figure 6.8a, it is studied that in the OFF state condition, the energy band
gap at the source region corresponds to silicon (1.1 eV), germanium (0.67 eV),
and indium arsenide (0.36 eV) and all three regions fermi level are aligned.
Figure 6.8b shows the ON state condition; when the gate bias is applied, the fermi
level displacement occurs, leading to the steep band bending. As the voltage

(@) (b)

source channel Oxide Semiconductor

oxide-interface CB

Traps at the
tunneling junction

VB

FIGURE 6.6 (a) Energy band diagram of InAs/Si TFET (a) source channel junction (b) gate
oxide semiconductor interface [6].

Gate Metal
SiO,

Source p+ Channel p Drainn’

Si/Ge/InAs Si Si
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FIGURE 6.7 2D schematic view of the Heterojunction TFET.
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FIGURE 6.8 Comparison of energy band diagrams for silicon, germanium, and indium
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FIGURE 6.9 I, versus Vgg comparison plot for three different materials Si, Ge, and InAs.

is applied to the channel, the fermi level lowers at the width of the barrier across
the tunneling junction and around the source channel interface. Herein, the Ge
source exhibits the most band bending, followed by materials with InAs and Si as
sources. The occurrence of a bend in the conduction band of an InAs source DG-
TFET in both the OFF and ON states is a thought-provoking observation. The
different electron affinities of InAs and Si across the heterojunction cause this
kink to emerge.

At constant Vpg = 1.0 V, Figure 6.9 depicts the fluctuation of drain current (Ids)
with gate-to-source voltage (Vgs). The tunneling junction width is critical in in-
fluencing the likelihood of tunneling. The highest drive current is obtained when the
band gap width is the smallest. Furthermore, the TFET with Ge source has the
maximum drain current, followed by the InAs and Si source TFETSs. The interaction
of several material parameters determines the tunneling probability. The drain
current of the Ge source TFET is more progressive than the source InAs, even
though the InAs band gap is lower than the Ge band gap. As a result, the DG-drive
TFET’s current is determined not only by the source material’s bandgap but also by
the parameters of the entire heterojunction.
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FIGURE 6.10 A comparison of the schematic energy band diagrams for (a) GaAs and
(b) Si [8].

6.3.3 GALLiUM ARSENIDE HEeTErOJUNCTION DG TFET

The schematic band diagrams of GaAs and Si are shown in Figure 6.10. The
lowermost point in the conduction band and the uppermost point in the valence
band in GaAs coincide at T, at the center of the Brillouin zone, this alienation is
1.4 eV, as noted, and it is dubbed a direct gap because of the coincidence at r.
Si is classified as an indirect gap material, with a 1.1 eV indirect gap. GaAs have
electrostatic properties that are exceptional to this kind of semiconductor due to
the presence of the satellite valley property. The direct nature of the energy band
gap in GaAs is the source of exceptionally auspicious optical transition proba-
bilities. The features of electron and hole conduction in GaAs and Si semi-
conductors are also explained by their energy band structures. The bending of
valence and conduction bands of the energy band diagrams is inversely related
to the effective mass of holes and electrons [7,8].

Figure 6.11 shows that the ambipolar current is suppressed using a GaAs/Si
TFET construction without impacting the ON state performance. Figure 6.12
represents the energy band diagram of GaAs/Si heterojunction TFET, and
it is studied that the ambipolar state is reduced due to the high tunneling
of the electrons from the valence band to the conduction band. Figure 6.13
shows the comparison plot of silicon doping-less TFET and GaAs/Si hetero-
junction TFET. It is observed that the GaAs/Si interface impacts OFF current,
which is lower than the homojunction and has no impact on the ON current
performance.

6.3.4 HeterojuncTioN GAN/INN/GAN DG-TFET

Gallium Nitride is a direct bandgap binary III/V semiconductor compatible with
high-power transistors that can operate at high temperatures. Gallium nitride
(GaN) is a direct bandgap semiconductor with a binary III/V structure that is
extensively utilized in blue light-emitting diodes. The substance has a Wurtzite
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FIGURE 6.11 2D schematic view of the GaAs/Si heterojunction TFET [9].
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FIGURE 6.12 Energy band diagram of GaAs/Si TFET at OFF state and ambipolar state [9].

crystal structure and is extremely hard. Its wide band gap of 3.4 eV is applicable
for high-frequency devices such as high optoelectronic power applications. The
bandgap of gallium nitride is 3.4 eV, whereas the band gap of silicon is 1.12 eV.
Because gallium nitride has a wider band gap than silicon MOSFETs, it can
withstand higher voltages and temperatures.

The GaN/InN/GaN DGTFET is a heterojunction of three III-V binary com-
pounds: GaN for the drain and source and InN for the channel, as shown in
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FIGURE 6.13 I, versus Vgg comparison plot of Si DLTFET and Si/GaAs DHTFET [9].
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FIGURE 6.14 GaN/InN/GaN heterojunction DG TFET
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Figure 6.14. GaN’s 3.2-eV bandgap allows for a low OFF-state current, Iogr,
while removing the ambipolar current. The usage of InN, which has a bandgap
of 0.7 eV and a high polarisation discontinuity compared to GaN, results in a
20 MV/cm built-in electric field and a tunneling distance of about 1 nm within the
p-GaN/i-InN/n-GaN heterojunction. The energy gap between the InN conduction
and GaN valence bands, combined with the InN’s narrow bandgap, allows for an
increase in TWKB and a rise in ON-state current by lowering the Eg parameter
and increasing A®

(6.2)

Ty = €X -_—
WK p( 3¢h(E, + AD)

AN2mE? ]

Figure 6.15 shows the drain current characteristics, it is studied that TFETs’
drain current is caused by Band-To-Band-Tunneling rather than thermionic
emission adds another quirk to these devices. Because the BTBT phenomenon
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FIGURE 6.15 Iy versus Vs plot of GaN/InN/GaN heterojunction DG TFET at Vpp =
0.5V.

is practically independent of carrier mobility, changing the channel width to get
a specular characteristic between n-type and p-type transistors is no longer
necessary [11].

6.4 NANOWIRE TUNNEL FIELD EFFECT TRANSISTOR

To attain better electrostatic coupling and increase in ON current performance
is obtained by modifying gate channel geometry using nanowire structure, which
can be produced either by bulk or SOI technology. The Process incorporation
of TFET device with nanowire structure will intensify on-chip model density
while also showing virtuous gate controllability. Figures 6.16a and 6.16b show
a cylindrical gate structure allowing wider channel width per unit area of the
material, resulting in a higher current drive per unit area. Furthermore, this
device uses a very reedy body to eliminate a sub-surface leakage path between
the source region and drain region, resulting in enhanced gate control, deferment
of short channel effects, highly superior short channel immunity with sub-
threshold swing less than 60 mV/decade of ON current Iy, and a high Ion/lopr
ratio [12,13].

6.5 GATE ALL AROUND (GAA) HETEROJUNCTION TFET

An interface between two regions of different semiconductors is acknowledged as
a heterojunction. In difference from a homojunction, these semiconducting ma-
terials demonstrate asymmetrical energy band gaps. A heterostructure is a device
that combines many heterojunctions. The condition that each material is a
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FIGURE 6.16 (a) Three-dimensional view of nanowire TFET. (b) Cross-sectional sche-
matic view of nanowire TFET.
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FIGURE 6.17 I versus Vgs characteristics of nanowire TFET (a) linear scale (b) loga-
rithmic scale plot.

semiconductor with unequal band gaps is a little sloppy, especially at nanoscales,
when spatial attributes influence electrical properties. The different combinations
of the materials from the heterojunction for GAA TFET.

Figure 6.17 presents the drain current varied for the gate to source voltage for the
nanowire structure. It depicts that the ON current is high and significantly less OFF
current. It also represents that the subthreshold swing is less than the conventional
MOSFET device.

6.5.1  GERMANIUM/SILIcON GAA HEeterojuncTiON (H)) TFET

Figure 6.18a and b represent the three-dimensional and cross-sectional view of
Ge/Si GAA HJ TFET. In a Si-Ge heterojunction, the device’s energy band moves
downwards to the intrinsic area, improving Ipn current while suppressing
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FIGURE 6.18 (a) Three-dimensional view of Ge/Si GAA heterojunction TFET (b) Two-
dimensional cross-sectional view of Ge/Si GAA HJ TFET.

ambipolar behavior and lowering subthreshold swing. Figure 6.19 represents the
comparison plot of homojunction and heterojunction GAA TFET. It is observed
that the Iy current is high for heterojunction compared to homojunction GAA
TFET, but the Iogr is slightly higher than the homojunction [14].

6.5.2 GASB/INAs HETEROJUNCTION GATE ALL AROUND TuNNEL FET

Figure 6.20 depicts a three-dimensional view and its cross-sectional view of
GaSb/InAs heterojunction GAA TFET, the GaSb material is used for the source
regime and InAs for the channel and drain regime. The heterojunction structure
with a broken gap is used to attain the high ON current at the source-channel
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FIGURE 6.20 GaSb/InAs heterojunction GAA TFET (a) three-dimensional view. (b) Two-
dimensional cross-sectional view [15].
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FIGURE 6.21 Energy band diagram of GaSb/InAs heterojunction GAA TFET [14].

junction. The broken-gap alignment of hetero junction structures would aid in
BTBT tunneling as opposed to any other alignment. Thus, the current obtained
would be larger than other hetero junction alignments.

Figure 6.21 presents the energy band gap of a GaSb/InAs heterojunction with a
broken gap aligned. As seen, increasing gate voltage roots the conduction band to be
reduced, allowing carriers to tunnel from the source valence band into the channel’s
conduction band and drain. The alignment GaSb/InAs was designed to produce the
energy band diagram shown, allowing for a high drain current value [16]. The benefit
of this alignment is that the forbidden energy band gap is large enough to provide a
low value of current when the device is in the OFF state and small enough to produce
a suitable high current when the device is in the ON state. The band diagram can
also be used to show the choice of low-energy band gap material.

The variation of the drive current along with a gate to source voltage is shown in
Figure 6.22, and it is studied that the slope of drain current in the sub-threshold
regime changes as the channel length upsurges.

6.5.3 Ge/GAAs-BAseD HETEROJUNCTION GATE-ALL-AROUND (GAA)
TUNNELING FieLp-Errect TRANSISTOR (TFET)
The germanium with gallium arsenide (Ge/GaAs)-based heterojunction gate-all-

around (GAA) TFET (Ge/GaAs-based A-TFET) is optimally designed and
studied among III-V compound material-based TFETs shown in the Figure 6.23.
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High current drivability and improved switching performance are achieved using
Ge/GaAs-based heterojunction semiconductor materials. In Figure 6.24, lateral
and vertical routes transport electrons from the Ge source regime to the GaAs
channel. The main current of an arch-shaped TFET is a lateral tunneling current
because most electron tunneling occurs at the source and drain boundary areas
under the gate region. As a result, the source regime height (Hsource) and epi-
taxially grown channel thickness (tepi) were considered key design variables in
the following optimization processes.

The Ip—Vgs of the Ge/GaAs-based A-TFET for different doping concentra-
tions in the Ge source area are shown in Figure 6.25. The OFF-state current (Iogg)
diminishes as the Ge source concentration increases, but the ON-state current
(Ion and S) exhibits excellent features. The energy barriers of the source
and channel regions are reduced under low doped with OFF-state operation
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FIGURE 6.24 Energy band diagram of Ge/GaAs heterojunction GAA TFET [15].
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FIGURE 6.26 (a) 3D view of the GaAs, sSbg s/Ing 53Gag 47As heterojunction GAA TFET.
(b) 2D cross-sectional view [18].

circumstances, and the diffusion current increases Iorg. The heavily doped source
area lowers the tunneling barrier between the source and channel regions,
resulting in higher lateral and vertical currents.

6.5.4 GAAsy 5SBg.5/INg 53GAg 47AS HETEROJUNCTION GAA TFET

GaAsg sSbg s/Ing 53Gag 47As heterojunction GAA TFET structure three-dimensional
view is shown in Figure 6.26a and its cross-sectional view in Figure 6.26b.
GaAsSb/InGaAs compound material falls under the category of the III-V compound
group of the periodic table. It is analyzed that the III-V compound materials are the
promising materials for the GAA heterojunction TFET which produce the highest
performance than double gate heterojunction TFET. To improve the device per-
formance the staggered gap heterojunction TFET structure is used. From
Figure 6.27 it is observed that effective tunneling length is negative in the broken
gap and operates normally.

Figure 6.28 shows that the Ipg is improved and tends to be constant over the
channel and drain region. The drain current is high for increasing channel voltages
owing to the increased electric field at the junction and tends to be constant due to
screening of the inversion charge.

6.6 GATE ENGINEERING HETEROJUNCTION TFET

Homojunction TFETs endure the low ON-state current and ambipolar condition
across the drain region. The usage of different materials for different work
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FIGURE 6.28 Ipg versus Vgs of the GaAsgsSbgs/Ings3Gag47As heterojunction GAA
TFET [18].

functions across the gate terminal. A careful selection of gate material work
functions at the source end will aid in tuning through the barrier width, allowing
carriers to tunnel from source to channel. The choice of different materials,
especially near the drain region with higher work function material, has an
impact on the reduction of the ambipolar condition and lowers the OFF-state
current, which further leads to the rise in the Ion/ Iopp ratio. The two materials
and three materials can be chosen for heterojunction TFET.
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6.6.1 DuaL MATERIAL (DM) ELLirTicAL GATE ALL AROUND (GAA)
HeterojuncTiON TFET

Figure 6.29(a) and (b) show the three-dimensional and cross-sectional view of DM
elliptical GAA heterojunction TFET. A staggered band alignment hetero material
system (GaAs0.5Sb0.5/In0.53Ga0.47As) is used for the formation of a hetero-
junction structure [19]. Two different materials with different work functions are
used to form Dual materials across the gate terminal.

Figure 6.30 shows the energy band diagram in comparison of the single material
and Dual material elliptical GAA heterojunction TFET for the analysis of the band
diagram, which represents the operation of the device. The selection of a lower
work function gate material increases the potential at the source regime, sinking the
conduction band energy, as seen in Figure 6.30. The device switches on when the
suitable gate voltage is applied, allowing carriers to tunnel across the source/
channel tunneling junction. According to the energy band diagram, the essence of
‘work function engineering is tempering the band diagram and subsequent tuning of
the barrier width at both the source-channel and drain-channel interfaces, which
affects the tunneling rate and leakage conduction of the device simultaneously.
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FIGURE 6.29 (a) 3D structure of the DM elliptical heterojunction GAA TFET. (b) Cross-
sectional view of DM elliptical heterojunction GAA TFET [19].
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FIGURE 6.31 Ipg versus Vg of the DM Elliptical GAA heterojunction TFET for different
heterojunction material combinations [19].

Figure 6.31 represents the qualitative comparison of the drain current char-
acteristics for different material combinations to form the heterojunction.

6.6.2 TripLE MATERIAL (TM) GE/S1 GATE ALL AROUND(GAA)
HeterojuncTioN TFET

Figure 6.32(a) and (b) represent the 3D and 2D view of the TM Ge/Si GAA
Heterojunction TFET. Germanium is used across the source region and silicon
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FIGURE 6.32 (a) Three-dimensional view of TM Ge/Si GAA heterojunction TFET.
(b) Two-dimensional cross-sectional schematic view of TM Ge/Si GAA heterojunction
TFET [20].

at the channel and drain region, leading to the heterojunction formation across
the source-channel region [20]. Three materials with dissimilar work functions
for the gate terminal. Figure 6.33 depicts the drain current variation with respect
to gate-to-source voltage. It presents the comparison plot of the single material
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FIGURE 6.33 1Ipg versus Vgs of TM Ge/Si GAA heterojunction TFET.

and triple material Ge/Si GAA heterojunction TFET. Iggr is low because the
forbidden gap creates a barrier prohibiting electron tunneling in the OFF-state.
The increased electrostatic control of the cylindrical gate lowers short channel
effects and subthreshold swing, resulting in a high ON-state current [21,22].
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7.1 INTRODUCTION

Most digital application studies have found that TFETs are superior to traditional
transistors when used for logic functions. Recent studies have analyzed the effec-
tiveness of TFETSs in various analog circuits. TFETs are a popular alternative to
CMOS for low-power applications because they have a lot of great features, such as
the ability to overcome short-channel effects (SCEs), a low sub-threshold swing
(SS), a low threshold voltage (Vt), and a high current ratio (Ion/Iogr) [1,2].

The high potential barrier between source to channel junction is responsible for
the low current flow. It is necessary to consider capacitance throughout the design
process because it impacts the device’s performance at higher frequencies. The gate
capacitance is critical when evaluating RF performance. The switching frequency of
digital circuits and the amplification capability of analog circuits are both governed
by the parasitic gate capacitance. Therefore, these capacitances should be mini-
mized, so that signal distortion is kept to a minimum [3]. Although both the gate
and drain capacitances are necessary, decreasing the capacitance between them will
increase the device’s efficiency. Possible analog and radio frequency (RF) param-
eters are listed below [2—4].

Analog Parameters
a. The Transconductance (g,,)
b. The transconductance generation factor (TGF)
. ON-current (Ipy)
. OFF-current (Iogg)
. Surface potential
. Electric field
. Tunnel path

Q - 0O &0

RF Parameters

a. Cut-off frequency (fr)

b. Gate-to-drain capacitance (Cgp)
. Gate-to-source capacitance (Cgg)
. Gain Band-width Product (GBW)
. Frequency of oscillation (f;,ax)
. Intrinsic gate delay (i)
. Dynamic power dissipation (Pgyn)
. Transit time (1)

S0 - 0O 0
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7.2  ANALOG PARAMETERS

7.2.1 THE TRANSCONDUCTANCE (8p,)

An essential measure of a transistor’s performance is its Transconductance, which
indicates how efficiently it transforms voltage into current. Amplification gain
measurement is its most common use. which is mathematically denoted as;

Al

= 7.1
&m Vs (7.1

A device with a higher transconductance creates a channel with better transfer
efficiency, making it perfect for use in analog applications.

7.2.2 THE TRANSCONDUCTANCE GENERATION FAcTOR (TGF)

The TGF indicates the degree to which the Ip successfully achieved the intended
gn magnitude. When constructing analog circuits, especially those tuned for
low power consumption, it is assumed that a larger magnitude of TGF will be
necessary.

Zn
Ip

TGF = (7.2)

Although gate-engineered devices have a marginally lower TGF, their low power
consumption in the subthreshold region may compensate for this. Higher levels of
TGF are associated with weaker linearity.

7.2.3 DRrAIN CURRENT

The drain current of the gadget determines its ability to pass current. With a higher
drain current, the Transconductance of the device is increased. The more g, the
better amplification and finer for analog purposes.

3
A2 E -
Ip x exp| ———E[Es Ad (7.3)
3lel(E; + AD) \ €0y

A® - Tunneling window

m* - Effective mass

q - Charge of an electron

h - Reduced Plank’s constant,

E; - Effective bandgap

A - Tunneling width

tsi> tox> €si» and €ox - The thickness and permittivity of silicon and oxide
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7.2.4 SURFACE POTENTIAL

Fermi-level pinning makes it impossible to manage the surface potential of a
MOSFET created by a high density of interface states. A popular approach to
creating a TFET model involves determining the device’s surface potential and
then calculating the drain current using a suitable BTBT model. Surface potential
grows linearly with Vgg at low gate voltages. However, the surface potential
saturates and becomes gate bias independent when the gate voltage is signifi-
cantly increased. This is because the inversion charge in the channel prevents the
surface potential from being bent in this bias regime, which is analogous to that
of a MOSFET driven into strong inversion [1]. It is known that the way the bands
bend at the tunnel junction has a significant effect on the BTBT tunneling current.
For this, it is even more important for TFETSs to have an accurate model of the
surface potential [2].

7.2.5 Eitectric FieLD

Every Tunnel FET will go through band-to-band tunneling (BTBT). As a non-
local dynamic BTB tunneling model keeps track of the electric field at each
location in the tunneling zone, it is superior to local BTB tunneling. This im-
proves the accuracy of the simulation findings [5]. Smaller channel thickness
results in a steeper electric field profile at the source side and a flatter profile
at the drain. This makes sense if the ON current is large and the OFF current
is low.

The energy-band diagrams indicate higher band overlap at the source channel
interface when the switch is turned on. More overlap occurs between the energy
bands in the OFF state due to the greater channel thickness on the source side.
As a result, the OFF currents are larger. A larger electric field at the tunneling
junction makes tunneling more likely when the gate voltage is held constant [6].
Drain bias increases the electric field strength at the drain-to-channel interface.
This results in increased ambipolar conduction.

7.2.6 TuNNEL PATH

When the channel is narrow at the source end, the electric field at the point
of intersection between the source and the channel is amplified. This increases
the speed of the tunneling current. There is less ambipolarity and Iggr towards
the drain because the channel narrows. When the mid-channel is raised, the
ON-current is higher, and the OFF-current is lower [2,5]. As Vgs is increased
above the onset voltage (Vgns), the tunneling current increases because the
tunneling probability of electrons is exponentially dependent on the tunneling
distance. The transistor is in the ON state when Vgg is equal to Vpp, and
Ips at this stage is Ion. The BTBT loses efficiency for tiny Vpg if the
tunnel path becomes larger as a result of a greater effective oxide thickness
(EOT) [6].



Analog/RF Performance Analysis of TFET Device 129

7.3 RF PARAMETERS
7.3.1 Curt-off FREQUENCY (fy)

To evaluate the RF performance of TFET devices, it’s critical to know the cut-off
frequency (fr). The frequency is fT, and the current gain reaches its peak at unity.
Increases in gate voltage are most closely associated with changes in gm and
intrinsic capacitances. High gm and low inherent capacitance are dominated by
high RF applications to achieve a superior fr, and its mathematical definition is
as follows:

Em

=—— (7.4)
2 (Cgs + Cop)

Jr

Its strong Transconductance and low parasitic capacitance are primarily responsible
for the TFET device’s remarkable increase in ft Numerous RF applications benefit
from the high fr for high-speed operation.

7.3.2  GaTte-To-DRAIN CAPACITANCE (Cp)

The Cgp refers to the gate-drain region’s parasitic effect. When compared to
MOSFETs, TFETs have a smaller potential drop at the channel-drain junction,
which raises the Cgp value under various bias settings. The potential difference
between the channel and the drain decreases as the gate bias increases. As a
result, Cgp, the primary component of capacitance in TFETs, becomes much
larger. For analog/RF components like GBP and cut-off frequency, less Cgp is
better [7].

7.3.3  GATE-TO-SOURCE CAPACITANCE (Cgs)

Cgp refers to the gate-drain region’s parasitic effect. When compared to
MOSFETs, TFETs have a smaller potential drop at the channel-drain junction,
which raises the Cgp value under various bias settings. The potential difference
between the channel and the drain decreases as the gate bias increases. As
a result, Cgp, the primary component of capacitance in TFETs, becomes much
larger. For analog/RF components like GBP and cut-off frequency, less Cgp
is better. And for Cgs, two parasitic capacitances are crucial for adjusting
RF performance [8]. An effective connection between the channel and the
source in MOSFETs results in high Cgs. In TFETs, tunneling is less likely
whenever the device is turned off due to the high gate voltage at the source-
channel junction. However, when the device is ON, the depletion region shrinks,
which makes tunneling more likely. This is one of the factors that contribute
to TFETs having a lower Cgs value than MOSFETs. Higher Cgs values mean
that the gate over the channel is better controlled, which makes the RF
FOMs better.
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7.3.4 GaIN BAND-WIDTH ProDUCT (GBW)

For high-frequency transient analysis, the gain bandwidth product (GBW) is taken
into account. The high GBW device is excellent for low-bias and high-speed ap-
plications. The high GBW is greatly desired for circuit applications that need fast
speed and little input bias current, like RF amplifiers [7].

GBP= — Sm (1.5)
10 x ZHCGD
7.3.5 FREQUENCY OF OSCILLATION (fiax)
The frequency at which power gain equals one is known as the f,,«.
8m
Jnax = (7.6)
27C, \/4 (gds +g, (C;”")(Rs + Roy + Ry)
Jr (7.7)

fmwc - 1/87'[ ng Rgd

C,s and Cyq — Gate-to-source and Gate-to-drain capacitance
245 — Output conductance,
R, Ren, and Ry — Source, channel, and gate resistance, respectively

7.3.6 INTRINSIC GATE DELAY (Tjny)

When measuring a device’s speed, the intrinsic gate delay is a good indicator.
Parasitic gate capacitance (Cg,) and drain current (Ip) play crucial roles. The drain
current variation affects the intrinsic gate delay the most. It is stated mathematically
as follows;

Coe X Vi
Ty = 522 (7.8)
Ip
Dynamic Power Dissipation (Pdyn):
Pin = Coe Vinf (7.9)

For which f represents the operating frequency. It is essential to keep the device’s
dynamic power dissipation as low as possible so that the temperature doesn’t rise
too much and affects the device’s performance, whether it is “ON” or “OFF”.
The equivalent oxide thickness of the gate capacitance per unit area
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_ Esio,
" EoT

(7.10)

The total gate capacitance is actually determined by adding the gate-to-channel
capacitance and the gate-to-source/drain capacitance (fringing capacitance).

7.3.7 TransiT TIME (T)

Transit time, which is the amount of time it takes for carriers to wander from the
source to the drain, is used to determine the switching speed of a device.

1
T=
2nfy

(7.11)

7.4 INVESTIGATION OF ANALOG/RF PERFORMANCE OF
GATE-ALL-AROUND (GAA) TFET

There are two kinds of GAATFETSs: nanowire (NW) TFETs with channels of the
same width and thickness and nanosheet (NS) TFETs with channels wide in width.
To reduce the impact of short channel effects (SCEs), gate-all-around (GAA)
architectures have been implemented. Nanowire-sized GAA devices with an un-
derlap structure are expected to exhibit better tunneling behavior due to their short
screening length, volume inversion, and enhanced gate tunability over the channel.
The BTBT is maximized in a GAA TFET so because gate wraps around all sides
of the channel due to the volume inversion over the source-channel junction [6].
The most significant element that contributed to the increased leakage current in the
OFF state at low gate biases was discovered to be lateral tunneling at the drain-
channel junction (Iogg).

When using only small-bandgap heterojunctions, it’s hard to meet the per-
formance needs of low-power applications. Because lowering the BTBT causes
SCEs and makes devices work less well, scaling devices becomes more difficult.
In this way, it is essential for low-power modules used in Internet of Things
(IoT) applications to find an optimized 3D structure that can improve driving
current and analog/RF properties without increasing Iogg. For developing tran-
sistors, nanowires made of silicon, germanium, and III-V materials are very
appealing [7-9].

Figure 7.1 shows Hetero Junction/Dielectric GAA-TFET (HJ-HD-GAA-TFET)
3D-Structure (left) and Schematic cross-section. Germanium is for source material,
and the channel and drain material is silicon. The channel length is 20 nm, source
and drain size is 30 nm each. Hereafter, it is represented as GAA Structure-1.

Figure 7.2 shows Dual Material GAA TFET (DM-GAA-TFET) 3D-Structure
(left) and Schematic cross-section. InAs is for source material, and channel and
drain material are GaAs. The channel length is 20nm, source and drain size are
30nm each. Hereafter, it is represented as GAA Structure-2.
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FIGURE 7.1 Heterojunction/dielectric gate all around tunnel field-effect transistors
3D-structure (left) and schematic cross-section.
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FIGURE 7.2 Dual material GAA-TFET; 3D-structure (left) and schematic cross-section.

7.4.1  DRrAIN CURrReNT (Ip)

Thickening the oxide layer (ti) to 1 nm is done for both GAA Structure-1 and GAA
Structure-2. The source and drain regions use hafnium oxide (HfO,) and silicon
dioxide (SiO5,), respectively. The following table shows the dopant concentration in
each region: Source volume is 1e** cm® (P* type), while channel material volume is
le'® ecm?® (P-type). Its volume is Se'® cm® (type N) at its diameter. Using Silvaco
ATLAS 2-D simulation, the device was simulated, calibrated, and compared to
standard TFET devices.

For GAA Structure-1, drain current characteristics were analyzed for two dif-
ferent dielectric material combinations. Al,O; + SiO, is one combination, and
HfO, + SiO, is another. For GAA Structure-2, dielectric material is HfFO, + SiO,
The Vgg value at which a device’s drive current starts to rise is its Vggg value.
During this time, the voltage at the gate makes the current growth in a very straight
line. When Vg happens in the super-threshold zone, the drive current is much
slower than in the threshold region. Since there aren’t many charge carriers in this
area, making the tunneling window bigger doesn’t change the driving current much.
Figure 7.3 shows the device Ip and Vgg for a simulated device (Vpg = 0.7 volts).
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FIGURE 7.3 Drain current (Ip) vs Vgs characteristics of GAA structure-1(left) and
GAA structure-2.

For GAA Structure-1 drain current is 4.64 x 107° A/um (Al,O3 + Si0,) and 1.92 x
107 A/um (HfO, + SiO,). For GAA Structure-2 drain current value is 7.39 x 107°
A/um. Because of the drop in channel resistance and rise in Vg, the lowest channel
conduction band became lower than the maximum source valence band, increasing
the accumulation of carriers. When the drain voltage is low, exponential growth
begins. A higher oy can be achieved with InAs as the source of GAA Structure-2
since it has a lesser bandgap, low electron effective mass, and high mobility than the
germanium of GAA Structure-1 [7-9].

The OFF-current (Ipgr) is 8.15 x 107'® A/um and 3.28 x 107'® A/um for AlL,O5 +
Si02 and HfO, + SiO,, respectively. The Iogr value for GAA Structure-2 is 2.27 x
107 A/um. The leakage current (Iogg) is a little high in GAA Structure-2 com-
pared to GAA Structure-1.

7.4.2 EiLectric FieLb PROFILE

Maximizing the electric field is another thing to think about regarding device
performance. This happens when the dielectric material has a high dielectric con-
stant. Figure 7.4 shows the electric field profile of GAA TFETs.

7.4.3 TRANSCONDUCTANCE (GM)

Transconductance (g,,) is an essential part of developing analog circuits such as
operational amplifiers (OP-AMPs) require careful consideration of the DC gain,
offset, frequency, bandwidth, and noise performance. To get the device’s g,, divide
the change in Ip by the change in Vgg over time. The device’s cut-off frequency
goes up when it is more efficient at turning input voltage into an output current.
Figure 7.5 shows the Transconductance (g,,) characteristics of GAA TFETs.
According to, the g,, component is an essential part of analog circuits. The g,
value for GAA1 is 0.038 mS/um (HfO, + SiO,) and 0.17 mS/um (Al,O3 + Si0,),
for GAA2 is 0.48 mS/um. The enhanced performance of InAs/GaSb GAA
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FIGURE 7.4 Electric field profile of GAA structure-1(left) and GAA structure-2.

0.12 500
—&— ALO,+Si0,
0.10 | —— HfO2+SiO,

08

| —=— HfO, + SiO,
40

30 4 /
20u /

0.06

0.04

Transconductance g, (mS/m)
Transconductance g, (mS/um)

10p
/
0.02 /./
0 4—a—n—n—n—a—a—"
0.00 bbbt L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Gate Voltage V (V) Gate Voltage V¢ (V)

FIGURE 7.5 Transconductance (g,) vs Vgs characteristics of GAA structure-1(left) and
GAA structure-2.

Structure-2 is attributed to the material’s reduced bandgap, greater conductivity,
and greater mobility. After reaching its maximum value, g, drops owing to
mobility degradation when the gate bias is increased.

The Cgs and Cgp, often known as parasitic capacitances, are additional char-
acteristics used to assess analog/RF performance [9]. This has a significant effect on
the operating frequency and controllability of the gate. Figure 7.6 depicts the Gate-
Source Capacitance (Cgg) characteristics.

7.4.4 GATE SOURCE CAPACITANCE (Cgs) AND GATE DRAIN
Caracitance (Cgp)
The Cgg value for GAA Structure-1 is 7.08aF (Al,O5 + Si0,) and 7.83aF (HfO, +

Si0,). For GAA Structure-2 Cgg value is 6.89aF. (1 farad [F] = 1E*'® attofarad
[aF]). Most digital application studies shifted away from traditional transistors and
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FIGURE 7.6 Gate-source capacitance (CGS) vs VGS characteristics of GAA structure-
1(left) and GAA structure-2.

toward TFETs. Many academics have recently looked into the usage of TFETS in
analog circuits, and the results are encouraging. Reduced-power analog circuits may
benefit TFETs’ low subthreshold swing and good saturation features. Capacitance
must be taken into account when designing a device that functions at high fre-
quencies. The quantity of capacitance required to produce a decent signal decreases
as frequency increases, resulting in distortion. As a result, it is necessary to mini-
mize these capacitances to reduce signal distortion. The capacitance value between
the gate and drain, Cgd, must be maintained. However, it can be reduced to improve
device efficiency. Figures 7.6 and 7.7 shows how Vgg affects Cgs and Cgp. It
was found that possible barriers in drain and source channels went down and up
as Vgs grew. So, when the Vg level changes, the Cgp level, and the Cgg level also
change [10].
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FIGURE 7.7 Gate-drain capacitance (CGD) vs VGS characteristics of GAA structure-

1(left) and GAA structure-2.
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The Cgp increases dramatically when the Vgg is increased, as discovered by
researchers. With increasing Vgs, the barrier at the intersection of the drain
decreases, and the barrier at the channel increases. The Cgp value for GAAI is
4.28aF (Al,O3 + SiO,) and 6.19aF (HfO, + Si0,). For GAA Structure-2 Cgp value
is 3.84aF. Values of capacitance Cgp and Cgg are used with g, to figure out the
TFET device’s fr, that’s an important RF figure of merit (FOM). Both Cgg and Cgp
are the miller capacitances of the TFET device.

7.4.5 Cut-orf FReQuENcY (FT)

The cut-off frequency is the most critical factor in determining how quickly an RF
circuit operates; the fmax and ft are the two most essential elements in determining
how fast RF circuits can run [10,11]. To put it another way, both Cgg and Cgp
impact the overall performance of the TFET. As shown in Figure 7.8, a relationship
between the cut-off frequency and the gate-source voltage.

The fr value for GAA Structure-1 is 0.56 THz (Al,O3 + SiO,) and 1.32 THz
(HfO, + Si0,). For GAA Structure-2, fr value is 0.743 THz.

7.4.6 GaIN-BanDWIDTH Probuct (GBP)

The Gain-Bandwidth Product (GBP) characteristics as shown in Figure 7.9.
The GBP value for GAA Structure-1 is 156 GHz (Al,O3 + SiO,) and 362 GHz
(HfO, + Si05,). For GAA Structure-2 GBP value is 192 GHz.

7.4.7 TransiT TIME (1)

Transit time is the duration of movement from source to drain, known as device
switching speed. Transit time is another significant statistic for measuring RF
characteristics [10—12]. This field is used to tell us how quickly the gadget is. If the
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FIGURE 7.8 Cut-off frequency (fT) vs VGS characteristics of GAA structure-1(left) and
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FIGURE 7.10 Transit time(t) vs VGS characteristics of GAA structure-1(left) and GAA
structure-2.

device’s transit time is reduced, high-speed applications such as memory design
can use it. The VGS response as a proportion of the transit time (t) is depicted
in Figure 7.10. Increased switching speeds enhance the performance of a gadget.

7.5 INVESTIGATION OF DIELECTRIC POCKETS (DP)
INFLUENCE IN TFET

This section analyses the role that dielectric pockets (DP) play in improving the analog
and radio frequency (RF) performances of vertical tunnel field effect transistors.
Figure 7.11: shows the Ge-Si vertical TFET without DP (left) and with DP.
Throughout the chapter, it is denoted as Model-1. The device has a total length of
65 nm and 30 nm thickness, whereas 10 nm is a channel thickness. The source
pocket size is roughly 5 nm, with a drain size is 20 nm length, and the source length
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FIGURE 7.11 Ge-Si vertical TFET without DP (left) and with DP.
Source: K. Ramkumar and V. N. Ramakrishnan, 2022.

is 20 nm. The length of the source pocket is carefully selected to achieve an oxide
thickness of 1 nm [4].

Figure 7.12 shows SOI-TFET (a) without DP (b) with DP. Throughout the
chapter, it is denoted as Model-2. In contrast to conventional SOI-TFETs, a DP of
length (LDP) is 30 nm, and a thickness (TDP) of 5 nm is integrated into the drain
area at the interface of the drain and channel sections. It has been demonstrated that
dielectric pockets in drain areas enlarge the depletion widths at the interfaces
between drain and channel regions, hence modifying the energy band topologies
at these interface locations. Due to the wider depletion zone, the tunneling width at
the interface is expanded, reducing ambipolar conduction [10].

() Gate (b) Gate

Source Drain Source Drain

FIGURE 7.12 SOI-TFET (n-channel) (a) without dielectric pocket (b) with dielectric
pocket.

Source: C. K. Pandey, D. Dash, and S. Chaudhury, 2020.
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7.5.1 DRAIN CuURrrenT (Ip)

TFETs parameters are measured in the off, sub-threshold, and super-threshold
regions. When Vgg = 0 V, carriers cannot tunnel from the source since there are
no energy levels. But leakage current (Unit of Femtoamps) is caused by minimal
charge transfer between the drain and source due to thermionic emission. At
Vgs = 0V, the device enters the sub-threshold region, beyond which the drive
current begins to rise. The current increases exponentially when Vg is increased
[11-14]. The device enters the super-threshold region at 1 X 1077 A/lum (Vg,),
where stability is maintained.

Figure 7.13 and Table 7.1 show drain current variation in model-1 due to dif-
ferent dielectric materials. The suggested device’s drive current improves when
HfO, is utilized as a gate dielectric. The maximum Ign and Iogg values are 5.55 x
1072 A/um, 2.12 x 107" A/um, respectively, and Ion/Iogg ratio is 2.61 x 10'2,

Figure 7.14 illustrates drain current values by varying LDP (left) and varying
TDP. The DP’s length and the dielectric pocket’s thickness varied from O to 40 nm
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FIGURE 7.13 Drain current (Ip) vs Vgg characteristics of model-1.

Source: K. Ramkumar and V. N. Ramakrishnan, 2022.

TABLE 7.1
lon and loge Variation Due to Different Dielectric Materials
OFF-Current logr (A/pm) ON-Current Ion (A/pm)
SiO, AlLO; HfO, SiO, AlLO, HfO,

L.11x 1077 6.01x107"7 2.12x 107" 3.37x107° 474 %107 5.55%107°
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FIGURE 7.14 Drain current (Ip) vs Vgs characteristics of model-2; varying length of DP
(left) and varying thickness of DP.

Source: C. K. Pandey, D. Dash, and S. Chaudhury, 2020.

and 0 to 6 nm, respectively. DP does not impact the tunneling interface between the
source and the channel. Adding DP to the output tunneling interface of an SOI-
TFET has no expected performance improvement in ON-state current but got the
best results in the ambipolar effect. The final ambipolar current value is 4.15 x
107" A/um, but the initial value is 4.16 x 10~ A/um; by altering the length and
thickness of the dielectric pocket, this can be achieved.

7.5.2 EiLectric FieLD

Figure 7.15 shows the model-1 electric field profile for various gate dielectrics. Due to
the depletion of the source pocket, the junction of the source channel records the
maximum electric field. In addition, a high- k dielectric device provides the largest
electric field, which facilitates carrier tunneling and raises the ON current [15—-17]. As
aresult, of all the gate oxide materials, HfO, has the highest driving current. Positive
trap charges enhance the collection of electrons at the silicon substrate. At the
same time, the accumulation of holes in a channel is facilitated by negative interfacial
charges (ITC). As a result, the Iy either decreases or increases depending on whether
the ITC is positive or negative.

Model 2 Electric Field Profile is shown in Figure 7.16. Adding high-x DP to the
drain area of SOI-TFETs has been found to reduce the ambipolar current. To reduce
ambipolarity, hafnium oxide (high k-value dielectric material) is preferable to sil-
icon dioxide (low k-value dielectric material). Through the drain-to-channel inter-
face of TFETS, the charge carriers must tunnel. Because the depletion width beneath
the dielectric pocket rises, the tunneling width at the drain-channel interface also
increases, and ambipolarity is reduced [17-19].

Figure 7.16 shows that the space charge width of model-2 is greater than that of the
other two devices. When the applied negative gate voltage is higher than the drain
voltage, the tunneling width at the output tunneling interface increases, slowing the
speed at which charge carriers tunnel and pass through the drain-channel interface.
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lateral electric field (left) and vertical

With increasing DP concentration, the tunneling interface between the channel and
drain widens, reaching its maximum in the high-k DP SOI-TFET. The high-k DP
SOI-TFET exhibits the highest quantity of electron charge carriers floating away from
the surface into the drain area based on the maximum vertical field value as well as
its polarity [10]. The expanded depletion width in the drain region of high-k DP
SOI-TFETs results in the lowest level of ambipolarity possible.
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Source: K. Ramkumar and V. N. Ramakrishnan, 2022 & C. K. Pandey, D. Dash, and
S. Chaudhury, 2020.

7.5.3 TRANSCONDUCTANCE (8p,)

Transconductance (g,,) is calculated by dividing the change in Ip by the change in
Vgs. Figure 7.17 shows gm starts low and subsequently increases as Vgs
increases because the current is simpler to drive. The g, decreases at increasing
Vs because mobility declines. As g, increases, the output current may be more
efficiently converted from the input voltage, increasing the cut-off frequency in
the process. The g, value is a crucial consideration when designing analog cir-
cuits. It has been discovered that gm and the gate oxide’s dielectric constant are
related [19,20]. When the gate dielectric constant is greater, the tunneling barrier
is lower. This increases the likelihood of tunneling, which enhances the Ion
and g,.

Figure 7.17 (b) Model-2 shows how ft rises with Vgg until it hits a maximum
at a particular gate voltage, at which point gm rises as Vgg rises as more charge
carriers tunnel through the input interface. Due to the low gate-to-drain capaci-
tance in the low-x DP SOI-TFET relative to the other two devices, the most
negligible value of fr may also be seen in this device.

7.5.4 GATE-DRAIN CAPACITANCE (Cgp) AND GATE-SOURCE
CaraciTance (Cgs)

Figures 7.18 and 7.19 shows how Cgp and Cgg respond to Vgs. The potential
barrier just at the drain-channel junction decreases and the potential barrier just
at the source-channel junction increases as the Vgg is increased. As a result, the
Cgp increases, and the Cgg decreases as the amount of Vgg increases.

A Tunnel FET’s channel does not have an inversion layer when Vg is less
than Vopr (Vopr-OFF state voltage), similar to MOSFETSs. As a result, parasitic
capacitances are the only capacitances seen in Cgs and Cgp. As opposed to
MOSFETSs, when Vg is raised further, the inversion layer first forms at the drain
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terminal before moving toward the source terminal. Because Cgg is lesser than Cgp,
changes in Vgg do not affect its value [20]. This is because parasitic capacitance,
rather than inversion capacitance, makes up most Cgs. As channel length increases,
the existence of a dielectric pocket (DP) in an SOI-TFET seems to have no dis-
cernible impact on the source-channel interface. The error rate rises when the
channel length is shortened to 30 nm, though [10].

Because of the interplay between the fringing field created by DP as well as
the source-channel interface, as shown in Figures 7.18 and 7.19(b) in Model 2,
Cgs is slightly higher in SOI-TFETs with DPD. Cgp, which includes parasitic as
well as inversion capacitances, rises when inversion occurs at the drain terminal,
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in contrast to Cgg, which rises when Vgg increases. DP has a greater impact on
Cgp in SOI-TFETs with a channel length of 30 nm or less due to the dielectric
gate and DP producing an opposite-polarity-induced fringing field [17-20]. This
reduces the overall Cgp value of a drain terminal’s natural fringe field. Because
parasitic capacitances are dominated by inversion capacitance, DP has little effect
on Cgp.

7.5.5 Curt-off FREQUENCY (fy)

When thinking about wireless applications, different RF properties, such as cut-
off frequency (fr), gain-bandwidth product (GBP), and transit time (t) are
more important. The cut-off frequency is the short circuit’s current gain when
it is unity (f). The correlation between Vgg and the shift in ft is shown
in Figure 7.20. The fr initially increases with increasing Vgs due to the
increased g,,, reaches a maximum, and then begins to decrease as a result of the
combined action of Cgp and gm [10]. It is undoubtedly evident that at the lower
gate voltage range, the value of fr is very low, which results from minimal
charge carrier injection through the source-channel interface, which lowers the
value of g,.

7.5.6 GaIN-BanDWIDTH Probuct (GBP)

Figure 7.21 shows GBP variation with respect to Vgs. Due to a lower tunneling
barrier at the source channel junction and a higher g, than other device topologies,
HfO,-based TFETs have the highest GBP [18-20]. Since transconductance
increases when the channel length is scaled down while gate-to-drain capacitance
decreases, it is discovered that GBW, which is determined by the ratio of these two,
is highest for the shorter channel length devices.
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FIGURE 7.20 Cut-off frequency (ft) vs Vgs characteristics of model-1 (left) and model-2.

Source: K. Ramkumar and V. N. Ramakrishnan, 2022 & C. K. Pandey, D. Dash, and
S. Chaudhury, 2020.
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7.5.7 TransiT TIME (1)

The device’s switching speed is based on the transit time (1), and the time it takes
for carriers to travel from the source to the drain. Figure 7.22 shows that the transit
time decreases as Vgg increases, and it stops decreasing when the Vgg is high
enough. This means that faster switching speeds lead to better device performance.
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FIGURE 7.22 Transit time(t) vs Vgg characteristics of model-1.

Source: K. Ramkumar and V. N. Ramakrishnan, 2022.
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7.6 CONCLUSION

Silvaco-Atlas TCAD was used to determine the RF, analog, and overall perform-
ance of GAA-TFETs in section 7.4. A thinner layer of gate oxide frequently leads to
a greater ON current for a particular device because of a narrow potential barrier at
the source-channel interface. Due to the all-encompassing dual-material gate, en-
gineers can employ TFET device topology can improve a device’s efficiency in
more ways. The high-kx dielectric material could be positioned beneath the gate
metal to enhance the tunneling of electrons from source to channel. The analog
performance significantly improved as a result of the higher Transconductance.
GaAs channel material has a reduced bandgap, higher mobility, and a lower
effective electron mass. The results of the GAA-TFET simulation can be related to
the improved RF/analog capabilities.

In section 7.5, When HfO, is employed as the gate dielectric, the Ge-Si Vertical
TFET with dielectric pocket (DP) exhibits improvements within drive current (Ip),
Transconductance (g,,), subthreshold swing (SS), as well as other RF properties. This
result analysis concludes that compared to conventional and high- k DP SOI-TFETs,
adding DP to SOI-TFETs having low k-values enhances analog/RF performance.
This improvement is also compatible with channel length downscaling due to the
promise of better RF capabilities from low-k DP SOI-TFET. It was discovered
that low-k DP SOI-TFETs have better analog/RF performance characteristics, such
as cut-off frequency, gain-bandwidth product, and gate-to-drain capacitance. When
the channel size is lowered to below 30 nm, it has been seen that both the analog
and RF systems have higher performance.
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8.1 INTRODUCTION

In this chapter, the DC and RF/analog performances of Gate-all-around Tunnel
Field Effect Transistors (GAA-TFETs) are thoroughly investigated where a
Dielectric Pocket (DP) is inserted at the channel-drain (C-D) interface into the drain
region. Available literatures demonstrate that the GAA-TFET structures are more
immune to short-channel effects (SCEs) during device downscaling as they have
superior electrostatic control of the channel potential (electric field) by gate terminal
than the planner gate structures [1-4]. However, GAA-TFETs continue to face
significant challenges due to ambipolar conduction, which causes significant
standby power dissipation mainly in circuit-based applications. The majority of the

DOI: 10.1201/9781003327035-8 149


https://doi.org/10.1201/9781003327035-8

150 Tunneling Field Effect Transistors

techniques proposed by researchers are found to significantly reduce ambipolarity,
but at the cost of increasing fabrication complexity and/or deteriorating HF/analog
performances [5—16].

In this chapter, a novel GAA-TFET with a dielectric pocket (DP GAA-TFET)
is investigated which has been proposed by the author in [17], which exhibits a
substantial reduction in ambipolar conduction (/) and subthreshold leakage
current (Ippr) without affecting the ON-state current (Ipy) and/or subthreshold
swing (SS) while enhancing the HF performance of GAA-TFETs. In order to ex-
plore the influence of DP on overall device performance, the DC and RF/analog
performances of the proposed DP GAA-TFET is compared with conventional
GAA-TFET using 3-D TCAD simulation. This comparison was carried out for both
high-k and low-k dielectric materials that were employed in DP. Moreover, we have
analyzed the influence of variation in thickness and length of the DP on several
electrical parameters of DP GAA-TFET to achieve the optimum values for the
same. Since the subthreshold leakage current and ambipolar conduction rely on
band-to-band overlapping of drain and channel together, the DP GAA-TFET with
high-k is found superior to suppress (I,,») more effectively compared to low-k DP
GAA-TFET. It also observed through the simulation-based results that the proposed
structure does not affect SS, oy, and/or HF parameters while narrowing the drain
region. In fact, numerous RF parameters such as drain-to-gate capacitance (Cyg),
source/gate capacitance (Cg), and cut-off frequency (f1) are found to be improved
after insertion of DP to GAA-TFET at the C-D interface, essentially for low-k
DP GAA-TFET.

As the probability of BTBT mainly relies on the length of the screening in
channel A, which is regulated by gate bias, BTBT generation of electron/holes is
observed larger at tunneling interface nearer to dielectric interface between channel/
gate. BTBT generation of charges in TFETs can be mathematically represented
using Kane’s models as given in [18] and expressed as:

2 BE3/2
GE) =4t exp(— s ) 8.1

JE; e

where A and B are called to be as Kane’s BTBT model parameters depending on
properties of material and € represents the electric field at S/C interface. To enhance
BTBT generation rate in TFETS, the electric field in tunneling area at S/C interface
should be made large. Based on the Landauer approach [19], drain current in TFETs
can be expressed as:

Ip= fom dED(E)v(E)T (E)f; (E) — f, (E)] (8.2)

where D(E), v(E), and T(E) are density of states, group velocity and tunneling
probability, respectively. f; (E) and f,, (E) are Fermi-Dirac distribution function in
source and channel regions, respectively.
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By integrating BTBT rate of charge carriers generating at S/C interface, tun-
neling current can be easily modeled as given in eq. (8.3) over the volume of device
[18] and can be expressed as:

Ib=gq j G(E)dV (8.3)

8.2 STRUCTURE OF THE DEVICE AND SIMULATION SET-UP

The 3D simulated structure of DP-GAA-TFET is shown in Figure 8.1(a) and also a
2-D cross-sectional representation of GAA-TFET with and without DP (n-type) are
represented in Figures 8.1(b) and (c), respectively, to understand better device
structure. In comparison to the conventional GAA-TFET shown in Figure 8.1(b),
structural asymmetry between drain and source terminals is introduced in the
proposed structure by replacing a portion of drain with optimized values of Tpocket
and Lyocker- A DP of the same Lpocker and Tpocker has also been inserted over that
partially scaled drain region. Here three main design parameters of the dielectric
pocket, i.e., k-value, Tyocker, and Lpocker are optimized to enhance the overall device
performance. Additionally, a DP with same thickness and length is inserted over the
portion of removed drain. One can find it as the only difference between GAA-
TFET with and without DP in structural way. To improve the overall device per-
formance, three design parameters of the dielectric pocket (k-value, Tpocker, and
Lpocker) need to be optimized. During the designing procedure, a 3 nm thick SiO,
layer is employed as gate dielectric and the gate-metal work function is set to
4.3 eV. In DP GAA-TFET, the diameter of drain, source and channel is fixed for
20 nm and channel length is used to be 50 nm. Drain and source regions are uni-
formly doped with 5 x 10'® and 1 x 10?® cm™, respectively. Similarly, a uniform
and light doping of acceptors with concentration of 1 x 10'® cm™ is used in channel
region of the device. The dielectric constant for high and low- k DP is set at 25
(HfO,) and 3.9 (SiO,) in this work.

Synopsys Sentaurus TCAD simulator [20] is expansively used to study and
analyze the proposed DP GAA-TFET structure. For inclusion of continuous change
in electric field inside tunneling region, a non-local BTBT model is used in this
work [21], which helps in calculating the exact drain current. In order to obtain the
accurate analysis, few other models like bandgap narrowing and Shockley-Red-Hall
recombination models, concentration- and electric field-dependent mobility, and
auger recombination are also activated during our simulation. While conducting the
simulation, no defect and leakage current through gate are taken into consideration.
For the authenticity of the simulation work, BTBT model parameters [20] have
been calibrated by reproducing the result reported in experimental work [22].

8.3 FABRICATION POSSIBILITY

Dielectric pockets (DP) in MOSFETs were first reported in [23] to eliminate 2nd
order effects. The following year, Donaghy et al. [24] studied a vertical structure of
MOSFET having DP with a channel of 50 nm. The vertical MOSFETs containing
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FIGURE 8.1 (a) Simulated structure, and cross-sectional view of GAA-TFET (b) with and
(c) without DP.

DP between the source/drain and channel regions to eliminate SCEs as DIBL and
Vr lowering was fabricated by Jayanarayanan et al. [25]. Gili et al. [26] suggested a
method of fabrication close to the fabrication steps used for CMOS, using a two-
step column etching technique to fabricate vertical n-channel MOSFETSs with DP.
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FIGURE 8.2 Predictable steps of fabrication for GAA-TFET with DP.

The possibility of fabricating devices using DP was also reviewed by Wang et al.
[27] in which a dielectric plug-in was introduced into the MOSFETs. Then, Kumar
et al. [28] came up with a full-gate Schottky barrier MOSFET fabricated along with
DP to eliminate the ambipolarity. Though fabricating this device is complicated as
compared with TFET without DP, it can be performed using modern nanolitho-
graphy techniques based on the abovementioned methodologies. Recently, SOI-
TFETs having DP was fabricated by Luo et al. [29] in which DP was embedded in
the channel at source-channel interface to enhance the on-state current and SS of
TFET. Here, the probable short and simplified methods of DSDP-GAA-TFET
fabrication are shown in Figure 8.2. Figure 8.2(a) depicts that a P*-i-N* portion of
DP-GAA-TFET can be grown in vertical direction using the technique of epitaxial
growing, as shown in Figure 8.2(a). To embed a DP on the drain side, proper
masking along with selective etching method is used to form a U-shaped pocket
window, which is next followed by ALD (atomic layer deposition) technique to
deposit the dielectric pocket. Finally, an oxidation process is used to deposit a gate-
oxide around the channel region, followed by process of metallization to deposit
the gate-metal of DP-GAA-TFET, as depicted in Figures 8.2(d-e).

8.4 SIMULATION RESULTS AND DISCUSSION

This section presents a brief analysis of DP-GAA-TFET on several electrical
parameters (subthreshold leakage and ambipolar currents, cut-off frequency, and
various parasitic capacitances) and a detailed comparison with conventional GAA-
TFET. This section also demonstrates the influence of varying different parameters
like dielectric constant, dielectric pocket length, and thickness. Finally, a brief
analysis of numerous electrical parameters is performed even for a smaller channel
length of 30 nm also to validate the reliability of the proposed structure while scaling.



154 Tunneling Field Effect Transistors

8.4.1 OptmimizaTioN OF DieLectric CONSTANT (k) oF DP

8.4.1.1 DC Performances

In this section, the influence of dielectric constant (k) of DP is mainly investigated for
ambipolar conduction and subthreshold leakage current in the DP GAA-TFET, and
are compared with GAA-TFET without DP. The electrostatic nature of the C-D
interface is significantly changed when a dielectric pocket is introduced over the
partially scaled drain region. So, the overall device performance must be examined by
varying the k-value of DP while keeping Locket and Tyocke: at their optimal value for
30 and 4 nm, respectively. The performance of DP GAA-TFET is compared with the
structure of GAA-TFET for both high and low-k value of DP. The minimum tun-
neling width (Wy,;,) increased due to employing high-k dielectric material (i.e., HfO,)
which induces more depletion at the drain region under DP around C-D junction. An
increase in Wy, reduces the ambipolar conduction by a large order compared to low-k
structure and conventional one. Figure 8.3 compares the Ip-Vgg of high-k DP-GAA-
TFET with the other two structures. It is found that DP with higher dielectric constant
can reduce ambipolar conduction more effectively. Figure 8.3 clearly shows that the
high-k DP GAA-TFET facilitates larger ambipolar window in comparison with the
conventional and low-k DP GAA-TFET. Table 8.1 displays a comparison of various
performance parameters of the proposed device for both high and low-k DP at dif-
ferent channel lengths as obtained by TCAD synopsis simulator.

Further, distribution of electron density, lateral electric field, and the energy band
profile is plotted for all the three above-mentioned structures with a biasing voltage
under ambipolar state (i. e. Vg = 1V and Vg = —0.5 V). Figure 8.4(a) shows the
energy-band profile where it can be observed that the tunneling width (Wp;,) at C/D
interface is observed to be large in GAA-TFET with high-k DP in comparison to other
structures, which enables more reduction in the ambipolar current (Iyp).
Additionally, the fringing field adjacent to the C-D interface is found higher when DP
of high-k is used in GAA-TFET. As a result, depletion width is enhanced in the drain
region. This happens mainly due to the falling of carriers from the surface to the bulk
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g 108f —A— Low-k (SiO,)
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-21

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
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FIGURE 8.3 Comparison of 13-V, between GAA-TFET without and with DP of high and
low-k.
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FIGURE 8.4 Comparison of (a) bandgap energy, (b) electric field in lateral direction, and
(c) concentration of electron between GAA-TFET without and with DP of high and low-k.

region, where the minimum tunneling width is more and lateral electric field is less
compared to the surface [30]. As a consequence, a substantial reduction in ambipolar
current can be observed in GA-TFET after inclusion of DP. Due to employing of a
high-k dielectric material (i.e., HfO;) as DP, the carriers downfallen to the bulk from
surface are further increased. Figure 8.4(b) depicts a comparison of lateral electric
field of DP GAA-TFET with that of conventional structure, both for high- and low-k
dielectric constant, and cut line is set at the device’s center. This can be noticed that
insertion of DP causes the redistribution of electric field as it is developed across the
depleted region of drain beneath DP. Therefore, peak value of electric field near C/D
interface is reduced in high-k DP GAA-TFET, which significantly reduces the tun-
neling probability at C/D interface during ambipolar operation. For further detailing,
the distribution of electrons in high-k DP-GAA-TFET is compared with low-k DP and
conventional GAA-TFET. Figure 8.4(c) shows that concentration of electrons at C/D
interface is found less in GAA-TFET when DP of high-k is used, which ultimately
reduces ambipolar conduction in GAA-TFET.
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FIGURE 8.5 (a) Ip-V, and (b) bandgap energy of GAA-TFET with high-k DP at OFF-
state while scaling.

While downscaling length of the channel, the impact of DP’s inclusion on
current-switching ratio (Ion/Iopg) is further explored. The ON-state current mainly
relies on the rate of charge carriers tunneling through source/channel (S/C) inter-
face. Instead of being dependent on the channel length, this tunneling rate actually
depends on Wy, [19], which ensures that Ipy is insignificantly affected by
downscaling of Lcpannel, and the same is depicted in Figure 8.5(a). The Iopr found
increased significantly in contrast to Ion, when the channel length is scaled down
[31]. Consequently, Ion/Iopr varies with change in only Iggg. For an instance, when
Lchannel Of high-k DP GAA-TFET is downscaled to 30nm from 50nm, if Iopg is
increased from 3.5 x 1072 to 2 x 10~'% A where the Ioy decreased marginally from
8.38 x 107° to 8.01 x 107® A, shown in Figure 8.5(a) and also tabulated in
Table 8.2. During OFF-state, the band diagram for both 50 and 30 nm of L anne 1S
compared in Figure 8.5(b) for the same dimensions of DP, source, and drain
regions. A constant potential across the channel region is observed as band diagram
of the channel region is found to be nearly flat if L ynne 1S considered to be long
like 50 m. This causes weak lateral electric field between drain and source term-
inals. To achieve better band bending at the channel region, L panne is downscaled
to 30 nm, which significantly induces electric field across the entire region of

TABLE 8.2
The Values of and Referred to Figure 8.10(a)
Lpockel (nm) lLamb (A) lorr (A)

0 8.78 x 1071° 8.41 x 1077
10 232x 1071 217 x 107%°
20 37 x 107 8.56 x 107%°
30 8.13 x 1071° 3.5 x 1072

40 8.62 x 1071° 293 x 107
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FIGURE 8.6 (a) Electric field and (b) Ip-Vgg comparison GAA-TFET without and with
DP of high and low-k with 30 nm of channel length.

channel in lateral direction. Next, electric field induced inside the channel triggers a
large number of charge carriers drifting towards drain from source, thereby causing
more standby leakage current. Figure 8.6(a) depicts that field intensity near C/D
interface is notably reduced if DP of high-k is used in GAA-TFET. So,
Iopr is observed to be reduced in GAA-TFET with DP of high-K, which conse-
quently increases Ion/Lopr When Lipanne 1S downscaled to 30 nm, as illustrated in
Figure 8.6(b).

To study the influence of DP on output characteristics, GAA-TFET with and
without DP is compared by varying gate voltage from 0.5 to 0.7 V. From Figure 8.7,
it can be clearly observed that there is no change in the output characteristics after
insertion of DP to GAA-TFET. Thus, this can be concluded that DP GAA-TFET
offers smaller value of I, and Iopr currents compared to conventional GAA-
TFET without deteriorating Ion, SS, and/or the output characteristics.
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FIGURE 8.7 Output characteristics comparison between GAA-TFET without and with DP
of high-K for different gate biases.
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FIGURE 8.8 Comparison of C,q between GAA-TFET without and with DP of high and
low-k as a function of V.

8.4.1.2 Effect of k-value on High-Frequency Parameters

In this section, the comparison of HF performances of conventional GAA-TFET
with DP GAA-TFET for low and high-k dielectric pocket is presented. The
figure of merits considered for analyses is mainly gate-to-drain and gate-to-
source capacitance, and cut-off frequency. Figure 8.8 shows a comparison of the
gate/drain capacitance (Cgq) between GAA-TFET without and with low and
high-k DP for varying V. It can be observed that Cyq attains the lowest value
for DP of low-K if compared with rest two structures while the conventional
GAA-TFET offers the highest value for the same. Since low-k DP offers min-
imal value of parasitic gate capacitance so it is evident that HF performances
will be superior in low-k DP GAA-TFET as compared with other two devices.
The influence of k-value of DP on cut-off frequency as a function of V is
presented in Figure 8.9, and compared with the conventional GAA-TFET. The
cut-off frequency (f) primarily relies on parameters, such as Coq, C, and g,
and it is represented as f; =g /2n(Cy + Cgq). As, DP has no significant
influence on Cg, and g, the value of f; is mainly governed by Cyq in DP GAA-
TFETs. It is clearly seen from Figure 8.9 that low-k GAA-TFET offers the
highest value of f;"due to minimal value of Cyq among all three devices being
considered here. In the previous sections, it was observed that high-k DP
leads to more suppression in ambipolarity and OFF-state current in GAA-TFET
as compared to low-K DP. So, there is a trade-off between superior dc and
HF performances while taking low or high-k DP GAA-TFET. So, it is
the application requirement that will decide either to choose low or high-k DP
GAA-TFET.
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FIGURE 8.9 Comparison of ft between GAA-TFET without and with DP of high and low-
k as a function of V.

8.4.2 IMPACT OF VARYING LENGTH oF DP

The length of DP (Lpocket) is varied up to 40nm from 10nm to find its optimum
value for high-K DP-GAA-TFET. Throughout these simulations, DP thickness has
been set for its optimum dimension of 4 nm. K-value of DP is also taken to be
25(HfO,), which has been found its optimum value. Rest of configurations
including L¢panne;, concentration of dopant atoms, and so on have been left
unaffected. Ip-Vgs shown in Figure 8.10(a) depicts the dependence of I, on
Lpocket - It is clearly visible that when Iy, reduces to 10™°A from 2.3 x 107 A if
Lpocker is enlarged to 30 nm from 10nm. It has been shown that I, is being
continuously reduced up to 30 nm of Lkt and only 10%—-12% reduction is
noticed if Lpocke 18 increased more than 30 nm. Figure 8.10(a) and Table 8.2 show
that Iopg attains the lowest value of 3.5 x 1072'A at 30 nm while increasing Ljocket -

a) - b
( ) 106 e ( ) 1.0 p=—mm - Channel Length = 50 nm
g 0 Vg =1V o - I Vg =1V S
_% 107 1 By J = 0.5 : Vgs=-0.5V
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@ g -
= / % -05F
Z 015 —— L =10m| 3 [ -
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102 . ) . ‘":"‘“_ ) m 20F Lpocket =40 nm .
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FIGURE 8.10 (a) Ip-Vgs, and (b) band diagram of GAA-TFET with high-k DP at different
Lpocket'
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If Lpocker is enlarged even more, insignificant variation in drain current is observed
for the proposed structure of GAA-TFET. That is why 30 nm of Lpckec has been
chosen to be its optimum value.

The dependency of I, on Ljocker can be realized from the plot of Figure 8.10(b)
by scrutinizing the energy band diagram of high-k DP GAA-TFET biased at am-
bipolar state for varying Locker. It is clearly evident that if Lpocke is varied to 40 nm
from 10 nm, width of tunneling at C/D interface is enhanced, which causes huge
suppression in I,,,. The broadening of Wy,,n.1 happens because space charge width
inside drain beneath DP near C/D interface for enhancement in Lpp . As, 30 nm of
Lpocket achieves the maximum space charge width at C/D interface, I, is found to
be insignificantly decreased if Lyocker is enlarged more than 30 nm.

8.4.3 Errect OF VARYING THICKNESS oF DP

The current section illustrates the influence of changing thickness of DP (Tpocket ) On
HF/analog and dc performances of GAA-TFET with high-k DP and compared the
results with GAA-TFET without DP (i.e., Tyocket = 0).

8.4.3.1 Effect of Tp,crer on DC Performances

In this section, the dc performances of high-k DP GAA-TFET is investigated by
varying Tpocker Up to 5 nm. While simulating the device, k-value and Lpocker are kept
unchanged for 25 and 30 nm, respectively. Figure 8.11(a) displays the transfer
characteristics of high-k DP GAA-TFET from which it can be observed that varying
Toocket has no impact on SS and I,,. The magnitude of Iy, is suppressed to 2.13 x
107! from 8.78 x 1071 A if Tpocket 18 varied up to 5 nm. Suppression in I, can
be seen to be persistent till 4 nm, as listed in Table 8.3. As, further enhancement
in Tpockee does not significantly reduces Iy, (approximately 9%) as shown in
Figure 8.11(a), 4 nm of Ty is therefore regarded as its optimum value.
Figure 8.11(b) shows the band diagram to show the influence of Tpocker ON ambi-
polarity. At low Tyocket, Ev,channet comes in the line t0 Ec grin, Which causes an
increment in BTBT of electrons/holes between drain and channel at C-D interface.
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FIGURE 8.11 (a) Ip-Vgs, and (b) band diagram of GAA-TFET with high-k DP at different

Lpockel .
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TABLE 8.3
Extracted Values of and from Figure 8.11(a)
Lpocket (nm) Lamb (A) lorr (A)
0 8.78 x 1071° 8.41 x 1077
1 248 x 107! 8.88 x 10718
2 7.91 x 10713 8.73 x 10718
3 3.88 x 1071 2.99 x 10718
4 3.13 x 10713 3.78 x 107
5 2.13 x 107'° 4.03 x 107!
(a) (b)
18 T
10 [ — Tpotke(= 0 nm E 0'0 )
€ 105 F = Tumtam 2 [ \\ (
E 12 [ - - T pocke = 2 nM '/‘I g/ 0.2 Y
b-' 10°F . Thockee =3 nm I’ =t [
E 10° F T pockee = 4 1M I,’ i:': 0.4 F = Tpeke=0nm
Q 6 .- Tpncket =5nm 4 © ’ Tpockcl =1nm
g 10° | Ve =1V E 0.6 F—" Tga=2nm Vg=1V
= 10% | 8 T, =3 nm '
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FIGURE 8.12 (a) Concentration of electrons, and (b) Ej ..o in high-k DP GAA-TFET at
different Lyocker-

It is clearly visible in Figure 8.11(b) that with increasing Tpockets Winin tunnel at C/D
interface gets enlarged, thereby reducing the band-overlapping between channel and
drain. This is why BTBT probability is significantly reduced. 4nm of Tpocker has
been considered as its optimum one as largest value of Wi, wnnel 1S attained for the
same. For further analysis, concentration of electron and Ej ,, at C/D interface
have been shown in Figures 8.12(a) and (b), respectively. It has been observed from
the plots that concentration of electron and Ej .., attain a lower value at its
optimum value of 4 nm when Tyockee is varied. Moreover, the investigation of the
influence of varying Tpocker On Iopp in high-k DP-GAA-TFET is performed while
biasing at V; = 0V, i.e., OFF-state. As we know that Iorr becomes more prominent
in device when channel length is made short like 30 nm, and it has been considered
and analyzed in this work. This can be seen from Figure 8.13(a) that Iogp is reduced
to 8.9 x 107" from 8.12 x 107 A if Thocket is enlarged to 4nm from Onm. This
also can be noticed from the plot of Figure 8.13(b), that shows a variation in Ej,erq
for increasing Tpocker. The magnitude of Ep ey is particularly reduced with the
increment in Tyocker at C-D interface. This is primarily because of widening of
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FIGURE 8.13 (a) Ip-Vgs, and (b) Ejyera (during OFF-state) in GAA-TFET with high-k
DP at 30nm of Lepanner for changing Tpocket-

space-charge width inside drain beneath DP. The same has been shown in
Figure 8.13(b) where distribution of field is found to extended in drain region.
Consequently, a decreased Ep ,.ro diminishes charge carriers drifting towards drain
from source through channel, thus reducing Iogg.

8.4.3.2 Impact of T,ocrer ON Analog/High-frequency

Performance
This section illustrates, the influence of Tpocker On analog/HF performances of
high-k DP GAA-TFET, and the comparison with GAA-TFET is performed by using
the results obtained by simulation.

No substantial change in transconductance is obtained in high-k DP-GAA-
TFET if compared to GAA-TFET without DP and the same is found and
depicted in Figure 8.14. It reveals that g, does not get affected much with
varying Tpocker- Since the application of DP on drain side has no direct relation
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FIGURE 8.14 Comparison of g, between GAA-TFET with high-k and without DP versus V.
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FIGURE 8.15 Optimization of Tyockec With the help of Cyq and Cyq at varying V.

with S/C interface at which BTBT mainly happens and regulates the ON-state
characteristics of the device, the characteristics of g, are found to be not
changing with varying Tyocket.

Moreover, the variation in Cgs and Cgyq is also analyzed when Tyocker 18 varied. It
is observed from Figure 8.15 that Cyy does not change with varying Tpocke: after
it attains a maximum value at higher V, when it is raised up to ~ 8.0 V. The way
Cgq has behaved may be understood with the following expiation: Cgq and Cgg are
mainly constituted with parasitic capacitances when gate is biased at lower voltage
and this mainly happens because inversion layer is not formed towards the drain
side. In contrast to MOSFET, the layer is firstly created nearby drain terminal when
Ves 1s raised for a constant value of Vg. The region of inversion starts coming closer
to source terminal and as a result of this, Cgq starts getting dominated by the
inversion created between drain and gate when V is kept increasing further [18].
Additionally, inversion region created on drain side is degraded by the depletion
charge-sheet caused by DP, which keeps increasing with increasing Tyocker. That is
why Cgq shows a lower value at larger Tyocke. Meanwhile, Cgg is shown almost
unaffected with varying Tyockee When Vg is increased up to ~ 8.1V, and marginally
decreases with increasing Tpocker for Vg > 8.1V

Next, the impact of varying Tpocket is investigated on cut-off frequency (f7) that is
calculated for current gain to be unity [18], and represented as:

&m

b= 21(Cys + Cya)

8.4)

The variation in f; with increasing T}, can be interpreted by result presented in
Figure 8.16. It is revealed from the plot that f; .. becomes larger with increasing
Tpocket t0 5 nm from 0 nm. It is found that there is insignificant improvement/change
in fT,max when Tl 1s increased beyond 4 nm (shown by Figure 8.16) and 4 nm of
Toocket should be chosen to be its optimum value as I, was also shown unaffected
for Thocket > 4 nm. It can be realized that f; .. has been improved from 38 to
43 GHz when Tocker Was increased to 4nm from Onm. Since, g, and C,s were found
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almost unaffected with varying Tyocker, f7 Only relies on Cyq. Based on the above-
mentioned analysis, it can be concluded that the device discussed in this chapter
can withstand against the structure of various TFET and MOSFET devices pro-
posed in [32-52] in terms of performance parameters like dc and analog/HF.

8.5 CONCLUSION

In this chapter, the influence of dielectric pocket’s inclusion to GAA-TFET is
investigated on its various performance parameters. Based on the results obtained
through simulation, it is found that ambipolarity and OFF-state leakage conduction
get notably reduced in GAA-TFET when DP of any dielectric material either high
and low-k is included in GAA-TFET. Anyway, the ambipolarity is found to be
minimum in GAA-TFET with high-k DP when it is compared with rest of two
structures. Moreover, it is also observed that this reduction in OFF-state leakage
and ambipolarity is obtained without getting ON-state characteristics like sub-
threshold swing and Iy deteriorated. To achieve improved performance parame-
ters, important dimensions of dielectric pocket-like thickness and length have been
optimized and found to be 4 and 30 nm, respectively. The impact of DP’s k-value
on various analog/HF parameters in DP-GAA-TFET is also analyzed in this work
and found that GAA-TFET with low-k DP may offer superior HF performances
than those of GAA-TFET without DP and with high-k DP. It is noticed that HF
parameters including drain/gate capacitance along with cut-off frequency are im-
proved in DP GAA-TFET while source/gate capacitance and transconductance are
shown to be nearly unchanged with the inclusion of DP as expected.
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9.1 INTRODUCTION

The extraordinary improvement in power, switching speed, density, and cost of IC
production has resulted from aggressive CMOS scaling. However, the inability to
further reduce power consumption has put forward the need for steep-slope devices
[1]. In this context, TFET has emerged as a potential candidate that can bring down
the supply voltage Vpp of ICs below 0.5V. Unlike MOSFETs, TFET utilizes Band-
to-Band tunneling (BTBT) as a current injection mechanism and explores the
possibility of reducing Vpp by increasing the turn-on steepness of the device
characteristics. TFETS, in essence, are the reverse-biased p-i-n structure that follows
the tunneling mechanism of the highly-doped p*-n* Zener diode. They became
indispensable as they do not have any theoretical limitation on the subthreshold
slope (SS), unlike conventional MOSFETs. However, their major impediments,
such as low drive current, high ambipolar current, and high miller capacitance,
must be overcome before competing against existing CMOS. Low Igy negatively
impacts the switching speed. The increased miller capacitance further aggravates
this disadvantage in the case of TFETs. It is then expected that the focus for further
TFET optimization will be to achieve the highest ON-current possible. Source-side
optimization for better carrier injection includes low bandgap material, strained-
source, source-side delta doping, and alignment of source with gate, to count a few.
Steeper SS, low Iopr, and suppressed ambipolarity are other directions in which the
research community has made a modest effort. The subsequent research followed in
the case of TFETs is divided into two categories: 1) use of performance boosters
and structural engineering to improve ON-state performance. 2) Utilization of
different techniques to suppress the OFF-state current and ambipolar conduction.

9.2 WORKING MECHANISM

TFETs differ from MOSFETSs in terms of their current transport mechanism. The
charge carriers must tunnel through the potential barrier instead of surmounting it. This
inter-band tunneling in TFETS, in contrast to thermally injected carriers in MOSFET,
reduces the current drivability of the device. However, due to the possibility of abrupt
on-off switching via controlling the band bending in the channel region, TFET can
offer steeper SS. One challenge in TFET is to obtain ON-current on par with MOSFET
at sub-0.5V supply voltage. For that, a higher tunneling rate at the source-channel
junction is required, which can be achieved by optimizing the transmission probability
of the source tunneling barrier as close to unity as possible for a smaller gate voltage
bias. Applying positive gate bias helps create a path for electrons to tunnel from the
source valence band to the channel conduction band by bending the bands downward in
the channel region. This opens the window for BTBT. Figure 9.1(a) and (b) illustrate
the schematic of the ON-state and ambipolar state band diagrams of the TFET.

In principle, the tunneling mechanism is possible at the source-channel and
channel-drain junction, making TFET an ambipolar device. Ambipolarity indicates
conduction in both directions for Vpg polarized only in one direction (positive for
n-TFET and negative for p-TFET). For an n-TFET, changing the gate bias from the
positive voltage (Vgs > 0) to negative voltage changes the tunnel junction from
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FIGURE 9.1 The ON-state and ambipolar state behavior of TFET schematically using
band diagrams.

source-channel to channel drain at which carrier tunneling occurs. This can be
observed in Figure 9.1(b). Multiple ways of asymmetry have been demonstrated in
the literature to suppress ambipolarity. The widening of the tunnel barrier at the
drain side can be done in various ways. Different doping profile strategies at the
source and drain side, using heterostructures, etc., are standard methods to suppress
ambipolar conduction. It also helps in minimizing the OFF-state current. It is worth
mentioning that ambipolarity is an inherent characteristic of a TFET device that
limits its usage in the complementary logic circuit. To be suitable as an ideal switch
in a digital circuit, TFET should conduct only in one direction. Therefore, if am-
bipolarity can be suppressed for a more significant part of negative gate bias (for
an n-TFET), TFET can become a reliable device for circuit operation.
Inverter-based logic using TFETs will work well for a particular technology node
if the leakage and ambipolar current associated with it will be less than the IRDS-
defined limit [2]. This will help in achieving the minimum static power leakage. In
general, changes in a TFET structure to minimize the ambipolar conduction also
affect the ON-state performance and the miller capacitance. Therefore, before
choosing a suitable architecture for TFET, all trade-offs should be studied in detail.

9.3 AMBIPOLAR I-V CHARACTERISTICS OF TFET

Before quantifying the ambipolar behavior in physical parameters, it is better to
characterize them by the graphical representation for better clarity and under-
standing, as shown in Figure 9.2. For the case of n-TFET, the parameters are
chosen based on the ideal reference behavior and how other characteristics
deviate from it. This can be observed from Figure 9.2(a), as rectangular geometry
is the ideal case scenario. The other two graphical representations are trapezoid
and triangle. The reference case device remains in the OFF state for negative gate
bias like MOSFET, and Io\p is eliminated for negative Vgg (6, = 180). For the
second trapezoid case, the I-V characteristics are inferior to Figure 9.2(a),
wherein I5yp remains lower than the current reference level depicted by the
dashed line for the voltage range A, as seen in Figure 9.2(b). Here, the desirable
trend would be to have higher 6, compared to 0; (8, > 0;). This will ensure that
the Iovp remains lower than the reference level as much as possible. The third
and worst-case scenario is the transformation of a trapezoid into a triangle. Here
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FIGURE 9.2 Three cases of ambipolar characteristics ((a), (b), (¢)) and their analogy with
geometrical shapes for quantification. (d) shows the SS and SS,,,, in TFET characteristics.

the I-V characteristics become symmetric along the drain current axis, and 6,
does not exist. The side C becomes zero, and I,\p variation is sensitive to
negative gate bias. Here, the 0; should be as large as possible so that the I5yp
remains low than the reference level for the larger part of the negative gate bias.
Based on the discussion above, we can quantify the ambipolar characteristics of
TFET using two parameters: Vr,n, and SS for the ambipolar region (SS,mp).
Vramb signifies the range of negative Vgg for which the Ioyp remains below the
defined level. At the same time, SS,,; tells us how quickly the device goes from
OFF-state into significant ambipolar conduction. It is a subthreshold slope but in
the negative gate bias direction. Unlike the conventional SS, which should be
small for the steep turn-on of the device, SS,,,;, should be as high as possible so
that I,,,, remains below the reference level. Note that the SS is inversely pro-
portional to the actual slope of the log (Ip) versus the Vgg curve.

9.4 COMMON Ismg REDUCTION TECHNIQUES

9.4.1 GATE-DRAIN UNDERLAP

Some of the earlier techniques proposed in the literature for the suppression of the
ambipolar current are the use of gate-drain underlap design [3] and a decrease in the
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doping concentration [4]. The use of underlap structure and the reduced drain
concentration minimizes the electric field at the channel-drain junction. This widens
the drain-side tunnel barrier. Both these methods decrease the ON-current of the
device by increasing the series resistance of the channel and drain region, respec-
tively. In addition, the first technique requires more than the minimum channel
length necessary. In contrast, the second technique increases contact resistance and
needs more masks when a complementary TFET technology is used.

9.4.2 Repucep DrRAIN DorPING CONCENTRATION

Drain doping must be carefully optimized to minimize the ambipolar current of
a TFET while keeping its value realistic from a device fabrication perspective. It is
very well understood in the literature that reducing drain doping concentration
decreases the electric field on the drain side. Thus, it widens the tunnel barrier width
and minimizes the off-state and ambipolar current. This method also allows us to
reduce the off-state leakage and uncover a part of the I-V curve that has a steep
slope. Drain doping reduction would require some silicide or other technique to
form an excellent Ohmic drain-side contact [5].

9.4.3 USse oF Low-k SPACER

Hetero-gate dielectric TFET was proposed [6] for higher Iony and lower Iogg
and ambipolarity. Using the combination of low-k dielectric on the drain side and
high-k dielectric on the source side, controlled ambipolar current and high BTBT in
the ON-state can be ensured. This can be seen in Figure 9.3, which shows the use
of a low-k dielectric on the drain effectively suppresses ambipolarity.

9.4.4 INFLUENCE OF THE CONTACT LAYOUT

The impact of ambipolar current in the silicon-based double gate (DG) TFETS [7] has
been explored by placing the contact in a different configuration. The layout of drain
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FIGURE 9.3 (a) Hetero-dielectric tunnel FET architecture (b) and their corresponding
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FIGURE 9.4 Silicon double gate TFET: (a) contact placed on the side, (b) contact on top/
bottom. (c) Corresponding I-V characteristics.

contact can either be on the sides or the top/bottom configuration, as depicted in
Figures 9.4(a) and (b). It was shown in the study that placing the contact on the top/
bottom configuration eliminates the ambipolar current. The two-dimensional potential
distribution shows that the potential lines are highly localized at the channel/drain
interface, resulting in a large electric field for the side contact. On the other hand, in
the case of the top/bottom configuration, potential lines are distributed uniformly in
the spacer and the channel-drain interface. This leads to an almost constant electric
field and reduces the parasitic ambipolar current, as shown in Figure 9.4(c).

9.5 AMBIPOLARITY IN HOMOJUNCTION TFET

Homojunction TFETs are devices that use single device material for all the junc-
tions present in the structure. The band structures are not broken at the junctions
and remain continuous throughout the device layer. All silicon, germanium, In As-
based TFETS, or any other single material TFET can be classified as Homojunction
TFETs. The earlier design of TFET started with homojunction TFET because of the
enormous literature present related to the MOSFET. The majority of homojunction
TFETs made structural modifications and doping changes to meet the criteria of
suppressed ambipolarity. Some of them are discussed below.

9.5.1 STRUCTURAL ENGINEERING

A. Gate-drain underlap

The concept of using the underlap between the gate and drain region of TFET to
suppress the ambipolar current was proposed early in 2007 by Anne S. Verhulst
et al. [3]. They used the double gate architecture and demonstrated that the
reduction of ambipolar current for a 100 nm short gate architecture with a high
source/drain doping is possible. They also showed that the method of short-gate can
be employed for the all-germanium TFET as well. Later, this method was adopted
by many researchers worldwide. One example is the use of a low-k spacer with
high-k dielectric in TFET (LSHG TFET structure), as shown in work [8]. Since the
drain implant is done after the drain side spacer formation, they have shown that
the physical gate-drain distance will automatically work as an underlap between
them and decrease the undesired ambipolar current.
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B. Intrinsic region adjacent to drain

TFET with asymmetric source and drain side have been fabricated in work
demonstrated by [9]. They have added an intrinsic region (Ljy) as an extension
of the channel region on the drain side. This region is useful in suppressing both
the OFF-state and the ambipolar current while maintaining the same Igy in the
device, as shown in Figure 9.5. Through simulations, they have shown that
the electric field on the drain side varies significantly with the change in the Liy.
The electric field is inversely proportional to the length of Ly [Figure 9.5(c)]. If
observed closely, this work is very similar to the gate-drain underlap structure
since we inadvertently add an intrinsic channel region on the drain side by
reducing the gate length.

C. Gate-over-drain overlap

So far, we have observed either the creation of the gate-drain underlap structure or
the introduction of the intrinsic region on the drain side to minimize the impact of
the gate-field on the drain side, as mentioned in the last section. However, an
overlapping gate-over-drain as a potential method to solve the ambipolar issue
has been proposed in work [10]. The authors have shown that using this method;
the ambipolar current can be controlled up to the drain doping of 1x10'* cm™. By
overlapping the highly doped drain region using the gate metal, the bands near the
channel-drain junction are pulled up for the negative gate bias over the entire
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FIGURE 9.5 Bias polarity in the (a) ON-state and (b) Ambipolar state with the extended
intrinsic region (Lyy). (c) Shows the electric field dependence vs. Lyy length on the drain side.
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FIGURE 9.6 (a) Gate-over-drain DG TFET structure. (b) Band diagrams in the ON-state
and ambipolar state. (c) Their corresponding I-V characteristics.

overlap region (Loy). This controls the tunnel barrier width and can effectively
suppress ambipolar conduction. The overlap of the gate over drain seems useful
in the context of ambipolar reduction but is expected to increase the parasitic
capacitance resulting in deteriorated high-frequency performance. It has also been
shown that the impact of overlap region in modulating the bands to control am-
bipolar behavior. Figure 9.6 shows the gate-over-drain overlap DG TFET with the
band diagrams in the ON-state and Ambipolar state. The corresponding reduction
in ambipolar current is also shown.

D. Low-k gate dielectric on the drain side

The use of hetero-gate dielectric to simultaneously improve the ON-state per-
formance without degrading the ambipolar characteristics was one of the few early
ideas proposed in the literature. The TFET uses a high-k gate dielectric near the
source side to improve the BTBT current, while the low-k gate dielectric near the
drain side tends to minimize the ambipolar current. The negative impact of low-k
dielectric on the ON-state current due to an increase in the channel region is taken
care of with the use of high-k dielectric near the tunneling junction. This work [6]
studied three different TFETs with an all-SiO2, all-HfO2, and a combination of
both gate dielectrics. It was shown that the hetero-dielectric TFET has a drive
current very close to that of the all-HfO2 dielectric TFET, while its ambipolar
current is at the level of all-SiO2 TFET. In this way, a hetero-gate dielectric TFET
is a device with the advantages of both reference structures.
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E. Dual-metal-gate work function

The concept of dual metal work function (DMG) has been used extensively in the case
of MOSFETs. Later, its implications on nanoscale TFET were also studied [11]. This
method uses a gate of two different work function materials adjacent to each other.
One is called the tunnel gate (dunne1), and the other is called the auxiliary gate (¢.ux).
As the name suggests, the tunnel gate is the one that is near the source, while the gate
away from the source is called the auxiliary gate. For the case of n-TFET, the tunnel
gate typically has a smaller value than the auxiliary gate. The smaller the e, the
higher the drive current of the device. However, the value of the ¢,,, should be chosen
with care. The relationship between the Ioyp and ¢,y is not that straightforward. It
has been shown in this study that with an increase in ¢, > 4.0 eV, the band overlap
near the source side decreases, leading to a significant reduction in the OFF-state
current. However, as ¢,,x > 4.4 €V, the band overlap starts appearing near the channel-
drain junction, allowing the carriers to tunnel in the off- as well as ambipolar state. So,
an optimized value of ¢, is required in relation to ¢ynnel for effective suppression of
the Iomp in the DMG-based TFET. The above method can be more useful if combined
underlap gate-drain structure or the low-k spacer on the drain side structure.

F. Tunnel dielectric-based TFET

Usually, it has been observed that TFET ON-state parameters are often compromised
to fix ambipolarity. The effort to address one problem negatively impacts the other
problem. In this work [12], a p-type tunnel-based dielectric TFET has been proposed
that addresses this challenge. Instead of tunneling carriers through continuous band
bending like normal TFETs, the carrier tunnel through a thin dielectric from the
source side into the channel region. The device is referred to as tunnel-dielectric
TFET (TD-TFET). The presence of tunnel dielectric provides an additional potential
barrier to the carriers in the off and ambipolar state. This significantly reduces the off-
state as well as the ambipolar leakage in TFET. It has been demonstrated that the
drive currents can be modulated by varying the tunnel dielectric thickness. However,
no undesired ambipolar currents appear in any case [Figure 9.7].
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:g_s Conyentional TFET
E o
s 10-12 Leakage 7
-t 14 current

V,=-10V

107 | EOT=5A
18 l,g=ll"ll)nm ) ) )
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Ve V)

FIGURE 9.7 (a) Tunnel-dielectric-based TFET. (b) Shows suppressed Isyg.
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G. Orthogonal gate dielectric

TFETs have seen many structural changes to address the issue of ambipolarity. This
work uses an orthogonal gate structure with a drain extension on top of the
T-shaped channel to limit ambipolarity [13]. Two orthogonal gates are used with
asymmetric gate dielectric thickness to control the electric field at the channel drain
junction. The gate dielectric thickness on the source side (tox, ) is small, and it
controls the Ioy of the device, while the dielectric gate thickness on the drain side
(tox, v) 1s large and controls the off-state and ambipolar current. It has been dem-
onstrated that this methodology provides flexibility in tuning the ON-state and
ambipolar-state behavior independent of each other, which is not the case with the
solutions proposed earlier. The orthogonal control of the Ioy and Ianp became
possible due to the different screening lengths at the source-channel (Agource-channel)
and channel-drain junction (Achannel-drain)> Wherein A = /€s;s;f,./2¢€,, . Smaller A will
result in higher BTBT current on the source while higher A will suppress the BTBT
current contributing to ambipolar behavior on the drain side. This TFET structure
can be optimized by modulating the vertical thickness of the gate dielectric to
mitigate the ambipolar current without affecting the ON-current of the device. In
summary, depending upon the application of the device, we can independently
tune the dielectric thickness to modulate the ambipolar current. Figure 9.8 shows
the TFET structure and corresponding transfer characteristics.

H. Use of hetero-dielectric BOX

In this work [14], an SOI-based pnpn TFET is studied to control ambipolarity
using the concept of hetero-dielectric buried oxide (HD BOX TFET). An HD BOX
combined with a highly-doped ground plane increases the tunnel barrier width on
the channel-drain interface in an SOI TFET. Low-k SiO, is used as a BOX
dielectric beneath the source and the channel region, while a high-k HfO, dielectric
is used under the drain. The idea of using high-k is to create a depletion width
near the bottom of the drain region, effectively increasing the tunneling width. An
optimum BOX dielectric width of 25 nm is shown to suppress the ambipolar current
for most of the applied negative bias; however, it affects the ON-current. The
depletion region formed in the bottom drain region due to coupling of high ground
plane doping and the high-k dielectric BOX results in a potential barrier to electron
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flow from the bottom of the drain region. This negatively impacts the ON-current
for BOX thickness of 25 nm or below. However, if the BOX thickness is chosen
to be 30 nm and above, the impact on the ON-state current is negligible, and the
ambipolar current is reasonably under control.

1. Use of metal-silicide drain

Most of the methods to alleviate ambipolar conduction is achieved at the cost
of some other process complexity. In this work [15], ambipolarity is suppressed
without sacrificing the ON-state performance of conventional n-TFET, with the
p-i-n structure being replaced by the p-i-m structure, where the drain side is
a metal silicide of a suitable work function. The device can retain the good ON-
state current with improved Ion/Iogr ratio and ambipolarity. Further, the tradi-
tional drain implant method is eliminated. The initial work function was chosen
to be 4.25 eV, slightly higher than the work function of the Si-channel region
(4.215 eV).

Further, it is then varied from the 4.1 eV up to 4.5 eV to see its impact on the
device performance. It has been observed that the tunnel barrier width in the case of
p-i-m TFET is large compared to the conventional p-i-n TFET. This translates into
a larger BTBT difference between these two devices in the OFF- and ambipolar
state. It has been further stated that work function below 4.1 eV or higher than
4.5 eV degrades the off- and ambipolar characteristics. This means there should be
an optimal design methodology to choose the work function. For the smaller work
function below the channel work function, the metal silicide forms the Ohmic
contact, whereas 4.25 eV shows the Schottky contact, which is the reason for the
higher ambipolar current. Similarly, for a higher work function of 4.5 eV, even
though it is a Schottky contact, the band bending is such that there is a lot more
injection of hole carriers from the drain metal silicide. For this case study, 4.25 eV
is the optimal work function of the metal silicide used as a drain. The corresponding
structure and the ambipolar characteristics have been shown in Figure 9.9.
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9.5.2 DorING ENGINEERING

A. Lateral Gaussian Doping

It has been shown in work [16] that lateral Gaussian doping in the drain region can
mitigate the ambipolar conduction for the double-gate TFET. Drain doping profiles
with different characteristics length (CL) have been compared with uniform drain
doping. It has been demonstrated on the ATLAS device simulator that the best
possible reduction of OFF-state and ambipolar current is observed for CL = 0.05.
The result obtained is the non-abrupt channel-drain junction formed due to
Gaussian doping, unlike uniform doping. This non-abrupt junction creates a low
electric field resulting in low tunneling of carriers in the ambipolar state. For peak
Gaussian doping density up to 1 x 19 cm™ in the drain region, the ambipolarity is
conservative; however, as the peak doping is further increased, a significant amount
of conduction is observed. However, it is still low by several orders of magnitude
compared to the uniformly doped drain. This method highlights the fact that if one
can obtain a non-abrupt junction on the drain side using asymmetric doping, it is
possible to reduce ambipolar conduction. Though Gaussian doping is an effective
method, physical realization is a difficult task.

B. Stacked Drain Doping

In this method [17], a highly doped and lightly doped drain region is stacked
together in which the latter is placed below the former. The presence of an intrinsic
or low-doped drain region is intended to suppress the ambipolarity without com-
promising on the high-frequency switching of the device. Compared to the con-
ventional SOI-TFET, the proposed structure in this work has two drain-one is
lightly doped, and the other is heavily doped. The thickness t;, represents the height
of the highly doped region. It has been observed that the lower the heavily doped
top portion of the device, the lower the ambipolar current. This can be attributed to
the reduced area of a high electric field in the channel drain junction as we increase
the lightly doped portion in the drain region. Hence the number of carriers that
can tunnel through the highly doped region reduces, and we observe a reduction in
the ambipolar current. Figure 9.10 shows the cross-sectional schematic of the drain-
engineered TFET and its corresponding I-V characteristics exhibiting suppressed
ambipolarity for different t;, thicknesses of the highly doped drain region.

C. Vertical Gaussian Doping

The work proposed [18] derives the concept of vertical gaussian doped silicon film
thickness from the junction-less transistor. It uses it in the SOI-TFET architecture
for the very first time. Here, as shown in Figure 9.11(a), an n-type SOI TFET with
vertically gaussian doped silicon film is proposed (VG-SOI-TFET), wherein the
peak doping density (Np) is chosen to be at the top of the film. Later, the source can
be realized using the high work function metal to induce the p* source region. This
gaussian doped silicon film allows the non-abrupt channel-drain junction to form.
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The study shows that the ambipolar current is a sensitive function of the peak
doping density (Np) alongside the doping gradient of the Gaussian function (g). A
rigorous study has concluded that the best suppression in the ambipolar current
observed for the Np of 1x19 cm™ and g of 1 nm/decade, as illustrated in
Figure 9.11(b).

D. Drain Pocket Engineering

Various doping methods engineering on the drain side have been adopted to sup-
press the electric field at the channel-drain junction. Another method that emerged
is using a drain pocket (DP) near the channel-drain junction [19]. Combined with
the existing methods, this method can potentially improve the overall performance
of the TFET. The presence of the DP decreases the band overlap and increases the
tunnel barrier width. This, in turn, eliminates ambipolar conduction to a great ex-
tent. The proposed method effectively suppresses the I,vp even when drain doping
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is high and equal to the source doping. DP as the method, effectively controls the
Iamp for longer channel length (100 nm) devices. It is because, at short gate lengths
of 20 nm and below, direct source-to-drain tunneling becomes the dominant method
of ambipolar conduction. In such a case, this method must be combined with some
other techniques to minimize direct source-to-drain tunneling. It has been observed
that at an optimum DP doping of 1.5 x 10'® cm™, the BTBT is under control on the
drain side [Figure 9.12(a) and (b)].

9.5.3 JUNCTION-LESS/DOPING-LESS DESIGN

TFETs based on junction-less and doping-less designs are a class of
electrostatically-doped semiconductor (ED) devices. Lately, they have been ex-
plored in the literature to include the advantage of field-effect transistors without
junctions [20]. The choice to not worry about the formation of metallurgical at
advanced node FETs has been made possible using ED. Junction-less (JL) TFET
differs from the doping-less TFET or charge-plasma (CP) TFET because, in JL
TFET, the semiconductor film has an initial doped to a value. It could either be of
n-type or p-type. However, DL TFET has no initial doping. All dopings are induced
using the source/gate/drain metal or silicide of suitable work function. The absence
of a metallurgical junction indicates the non-abrupt junction presence on the drain
side. This will translate into a controlled ambipolar effect in these devices. Few of
which are discussed below:

A. Electrostatically Doped Drain-Engineered TFET

In this work, unlike a conventional double gate TFET with a p-i-n structure created
using doping, the proposed device has constant n-type doping in the channel-drain
region [21]. The device is termed drain-engineered DG-TFET (DE-DG-TFET). The
initial structure resembles the p*-n-n structure, later modified to p*-n-n*. This way,
an inbuilt drain pocket is created on the drain side of length Lgp (gate-drain gap).
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FIGURE 9.13 (a) Drain-engineered electrostatically-doped double gate TFET.
(b) Corresponding I-V characteristics show suppressed ambipolarity.

The initial doping of film decides the doping of the pocket. The low work function
of the drain side metal makes the n-type doping beneath it to n*. The transfer
characteristics for various N¢p (channel-drain doping) has been shown. It has been
observed that the N¢p value of 1 x 18 cm™ gives a reasonably good Iy in addition
to suppressed ambipolar conduction, as shown in Figures 9.13(a) and (b).

B. PNPN Tunnel FET

A detailed investigation to obtain a controllable drain-side tunnel barrier width in a
pnpn TFET is done in this work [22]. The starting structure is a p*-n doped silicon
film. Using the concept of ED, both the p+ source and n+ drain can be realized
without needing chemical-doped junctions. On the drain side, the gap between the
gate and drain metal will act as a design parameter that can be tuned to optimize
the tunnel barrier width at the channel-drain junction. The source-side work func-
tion of 5.93 eV is taken to induce the hole concentration, while the drain-side work
function of 3.93 eV is taken to induce the electron concentration. A pnpn structure
is then created, with a high drive current and simultaneously a reduced OFF-state
and ambipolar current. It is well known that the tunnel barrier width on the drain
side is controlled by depletion layer width, which should be large to control the
ambipolar behavior. This is impossible for a chemically-doped TFET without
reducing the drain doping or using the gate-drain underlap. However, for ED-doped
TFETs, Lg,, can be tuned to increase the depletion layer width. It is observed that
for Lg,, = 30 nm or above, the ambipolar current is wholly suppressed for all values
of drain-to-source bias (Vpg). Figure 9.14 shows the schematic cross-section of the
charge plasma-based PNPN TFET and corresponding I-V characteristics.

9.6 AMBIPOLARITY IN HETEROJUNCTION TFET

So far, we have discussed various methods to control the ambipolarity in homo-
junction TFETSs that use a single material device layer. The methods to control the
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ambipolarity basically constitutes the doping engineering on the drain side along-
side the use of low-k spacer and low-k gate dielectric on the drain side. This section
will examine the existing methods to suppress ambipolarity in heterojunction
TFETs. One standard approach is using large bandgap material in a TFET on the
drain side to increase the bandgap and thus the tunneling width effectively. Along
these lines, a few of the methods are discussed below.

9.6.1 SI/GaAs TFET

Most ambipolar current-reducing techniques are plagued by the Ipy degradability,
process variation complexity, and compromised frequency response of the device due
to increased capacitances. High bandgap material for the drain region can be used to
increase the drain side tunnel barrier width. In this context, this work [23] introduces a
Silicon/Gallium Arsenide material system-based heterojunction TFET (HTFET), as
schematically shown in Figure 9.15(a). The device has a Si source region and GaAs
channel-drain region. The results of the proposed device were compared with the two
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FIGURE 9.15 (a) Si/GaAs DG heterojunction TFET. (b) Corresponding I-V characteristics
show suppressed ambipolarity for various Vpg.
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reference devices: all-GaAs TFET and all-Si TFET. From the band energy diagrams,
Si/GaAs TFET has larger tunnel barrier width due to the increased bandgap of GaAs.
The tunneling probability has a negative exponential dependence on the bandgap;
thus, we observe a significant reduction in the ambipolar current. Figure 9.15(b) plots
the transfer characteristics for different Vpg. It is observed that ambipolarity is
completely suppressed until VGS = —0.4V and then starts depending upon the Vpg
voltage. The device has the added advantage of smaller gate capacitance compared to
the all-Si TFET, which then reflects in terms of better AC performance of the device.

9.6.2 S1/GAAs DorING-LEss TFET

Silicon as a source material and Gallium Arsenide (GaAs) as a channel-drain material
has been proposed in this work, in addition to the device being doping-less [24]. This
means that the charge plasma concept will be used on the Si/GaAs layer to realize
the p*-i-n* doping. The authors reported 8 orders of reduction in ambipolar current
at Vgs = —1.5V compared to an all-Si doping-less device. The source-side work
function is 5.93 eV, and the drain-side work function is 3.93 eV. Gate-drain gap (Lgp)
of 15 nm has been taken as it will play a crucial role in deciding the ambipolar
current. As seen in Figure 9.16, the reduced band overlaps can be attributed to
multiple reasons. First, the device is doping-less, so there is a non-abrupt channel-
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FIGURE 9.16 (a) A doping-less Si/GaAs heterojunction TFET. (b) Corresponding band
diagrams in the ambipolar state. (c) -V characteristics show suppressed ambipolarity.
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drain junction. Second, Lgp is reasonably high. Finally, the GaAs have a high
bandgap compared to silicon. So cumulatively, the drain-side tunnel barrier width is
large enough to suppress the ambipolarity for the entire range of Vgg up to —1.5 V.

9.6.3 Pseupo SpuiT GATE INg 53GAg 47AS/INP HETEROJUNCTION
Tunner FET

This work [25] studies a heterojunction structure of In0.53Ga0.47As/InP-based
TFET. The device uses two gates: one is the conventional control gate, and the other
one is the gate on top of the drain, termed a pseudo-split gate (PSG). Work function
and the equivalent gate oxide (EOT) are the same for both gates. PSG is located
at an optimized distance from the main gate. The simulation study shows that the
ambipolar current is suppressed by 10 orders of magnitude compared to the non-
overlapped structure (Lovr = 0 nm).

In contrast, in comparison to the overlapped gate-on-drain (OGD HetTFET)
structure (Lovr = 30 nm), the improvement is 7 orders of magnitude. The device
also exhibits lower gate capacitances compared to the overlapped gate-on-drain
structure. PSG-HetTFET offers better ambipolar suppression than overlapped
structures even at higher drain doping and smaller EOT. It has been observed that
ambipolarity is well controlled for LPSG of 30 nm and above; however, increasing
Lsc beyond 30 nm also increases the gate capacitance (Cgg). Also, to have a fair
comparison between the three different structures in this study, the length of the
overlapping gate in the conventional structure is kept at 30 nm. It has been observed
that OGD HetTFET has comparatively higher C,, compared to the other two.
The reason for suppressed ambipolar current is the same in this structure as that
of overlapped gate-on-drain structure; however, this method gives us additional
parameters such as Lpgg, the work function of PSG (®psg), to further control the
ambipolar current as well as the gate capacitance simultaneously Figure 9.17.

9.7 AMBIPOLAR SUPPRESSION IN ADVANCED TFET
9.7.1 Z-sHarep TFET

This work utilizes the concept of vertical BTBT (line TFET) to scale the device and
simultaneously provide higher Ioyn, lon/lopr ratio, and suppressed ambipolar
behavior. A Z-shaped TFET is proposed in which the source, channel, and gate
regions are elevated vertically [26]. The device has a tunnel direction perpendicular
to the channel direction, which results in the formation of a relatively large tunnel
area. At the same time also allows for the suppression of any lateral tunneling using
raised BOX dielectric, making this device a unique and interesting concept.
Because the channel has an elevated design, the physical length of the channel
region is effectively increased, resulting in the suppression of the ambipolar char-
acteristics. Also, the buried layer beneath the source helps mitigate the ambipolar
behavior since it prevents parasitic lateral tunneling of carriers from source to drain.
Figure 9.18 shows the schematic cross-section of the conventional and Z-shaped
PNPN TFET and their ambipolar characteristics Figure 9.19.
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9.7.2 DuaAl-MOS TFET

The TFET proposed in this work is a line tunneling device having dual MOS-
capacitor extensions (D-MOS TFET). It is compared against the line tunneling
planar single MOS-capacitor-based TFET [27]. Both TFETs can inhibit ambipolar
conduction using the concept of gate-drain underlap, as shown in the adjoining
figure. However, in the case of raised D-MOS TFET, the lateral tunneling is rel-
atively low compared to the planar conventional line TFET because of the smaller
gate field at the source edges. Thus, the source carriers which can tunnel into the
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FIGURE 9.19 (a) Dual MOSCAP TFET with elevated channel-drain structure and
(b) conventional single gate line TFET.

channel as a parasitic lateral leakage are small in the D-MOS TFET. Due to this, for
a similar value of Lgp, the raised D-MOS structure has a lower probability of
carriers tunneling from the channel into the drain region during the negative gate
bias operation. Also, the D-MOS TFET is better in terms of Ion, SS, and Ion/Iorr
ratio compared to planar line TFET.

9.7.3 RecesseD-GATE TFET

The work proposed here comprises a trench gate vertically elevated source-drain
line TFET [28]. The device footprint is limited owing to its raised structure. Also,
since the device has two p+ Ge sources, a high drive current is expected. The
device also exhibits the oxide separation between the source and drain region,
which cuts off the parasitic lateral tunneling path for the carriers from the source
toward the drain. Only vertical tunneling is allowed, due to which sharper SS is
observed. Also, due to its intrinsic design, there is gate-on-drain overlap exists in
the device because of which suppressed ambipolarity is expected. Up to the Vg
of -0.4V, the ambipolarity is suppressed in all cases of Np; however, as Np starts
increasing above the value of 5 x 10'8 cm_3, the band modulation on the drain
side due to overlapped gate starts to lose control, as evident from ambipolar
current in the Figure 9.20.

9.7.4 ELectrRoON-HoOLE BitAyer TFET

TFETs, based on the idea of line tunneling between the induced 2-D electron and
hole gas layers, were proposed by Lattanzio et al. in 2012 [29]. The device is
termed an electron-hole bilayer TFET (EHBTFET). Since line tunneling TFETs
are better than conventional TFETs in terms of SS and Ion. EHBTFET capitalizes
on that and increases the net tunneling area by inducing the electron and hole
concentration in the intrinsic channel region. It is achieved by selectively
choosing the appropriate top and bottom gate work function with asymmetric bias
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FIGURE 9.20 (a) Schematic of the proposed recessed TFET and (b) corresponding I-V
characteristics showing ambipolar behavior for various drain doping.

on both gates. Once done, the tunnel junction is formed parallel to the gate inside
the channel. The entire length of the channel now acts as a tunneling area. High
ON-currents with steep SS are obtained in Ge-based EHBTFET. However,
multiple leakage paths are present in EHBTFETS due to geometric misalignment
that degrades the SS of the device. It was later reported that the leakage is a
sensitive function of underlap length and can be mitigated using the hetero-gate
technique. An additional leakage path exists between the channel and drain region
for negative gate bias and causes ambipolar leakage. Figure 9.21(a)—(c) shows the
two proposed structures of hetero-gate EHBTFET to mitigate the ambipolar
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leakage paths. The proposed structure 1 (S1) uses one dielectric pocket on the
drain side and helps suppress the OFF-state and ambipolar leakage. The proposed
structure 2 (S2) further helps improve the Ion, Ion/Iogr, SS, and Ianmp using the
source side underlap dielectric pocket. The results from the simulation for both
structures are shown in Figures 9.21(d) and (e).

9.8 SUMMARY

In summary, we have dealt with the recent advances in TFET ambipolar behavior
from different perspectives. The fundamental of TFET ambipolar characteristics
and why it is a potential candidate to replace the conventional MOSFET is dis-
cussed briefly. Theoretically, it has the advantage of sub-kT/q SS, low leakage,
and high Ion/Iorr ratio but low drive current and ambipolar behavior hinder its
adoption in digital circuit design. To make TFET a viable alternative, different
device engineering strategies of ambipolar suppression have been employed in
the literature. This chapter reviews techniques for minimizing ambipolarity,
broadly classified into 1) structural engineering and 2) doping engineering. The
impact of various strategies on other parameters of importance is also studied.
The authors have tried to gather all the possible state-of-the-art techniques of
ambipolar suppression in TFET and present them in one place. The beginners will
find it helpful to kick-start their research endeavors. This review will also help
researchers working on advanced TFET architectures who want to control am-
bipolar conduction in their work. Either they can improvise a single technique
or use their amalgamation as needed. In essence, this review highlights the recent
structural and semiconductor material engineering to suppress the ambipolar
behavior in tunnel transistors.
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10.1 INTRODUCTION

In distinctive for bulk silicon, it becomes exceedingly challenging to devise abrupt
metallurgical p-n contacts and to mitigate the SCEs (Short-Channel-Effects) as the
physical gate length of MOSFETs downscales to the realm of nm in size. The
Double Gate MOSFET technology has become the most scalable of all MOSFET
designs due to its outstanding management of SCEs, which is caused by the close
interaction between the gates and the channel [1-4]. Because of this, MOSFET
has had complete control over semiconductor devices in recent decades. To replace
MOSFETs, TFETs have gained a lot of attention due to their ability to achieve
subthreshold swings (SS) below 60 mV/decade at ambient temperature and
enable further supply voltage reduction without compromising OFF-current [5,6].

For device downscaling, DG-TFET with intrinsic channels is thought to be the
ideal option since they provide benefits like the lack of the dopant fluctuation effect,
which can cause variations in the threshold voltage and drive current increased
carrier mobility because there aren’t any depletion charges to add to the effective
electric field and reduce the mobility [7-9]. Moreover, because body doping is not a
significant means for adjusting the threshold voltage, intrinsic channel TFET must
fixate on the gate work function to accomplish specific threshold voltages on an
integrated circuit [10].
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In this chapter, we present a simulated finger-like source inserted within the
channel with single gate TFET (F-TFET) and analyze the outcomes for different
values of N¢ (ranging from 10" cm™ to 10'® cm™). The F-TFET comprises an
enhanced source-channel interface which reflects in terms of higher Ion. Another
side, the drain-channel interface is limited and direct tunneling between source-
drain has become difficult, which will help minimize the ambipolar conduction.
The energy band diagram, Ege4s, and analog-RF parameters are used to analyze the
device performance with drain current and ambipolar conduction. This device is
viable for use as a low-power device due to improved DC/analog and high-
frequency FOMs (figure of merits).

10.2 SIMULATED DEVICE STRUCTURE AND PARAMETERS

The designed F-TFET is presented in Figure 10.1 (structure has finger-like ultra
this source region within the channel region). SigsGeg s alloy substance is used
in the highly Boron-dopant (P-type, 10°° cm™) premised source region. Si is
used for the drain (Arsenic-dopant, 5 x 10'® cm™) and channel (doping variation
from 10'* to 10'"® cm™) materials with a 1nm HfO, as a gate oxide. The tg and
Ls (thickness and length of source) are set to 3 nm and 35 nm, making the gate
more controllable for both vertical and lateral tunneling in between the source
and gate region, lateral tunneling length (L,) is set to 4 nm. Some another device
proportions are ty = 5 nm, L, = 20 nm, t; = 2ty + t5) = 30 nm, te, = (tg + tox) =
6 nm, gate work function= 4.50 eV, total length of device Ly = (Lep+ Lg) =
(60 nm + 35 nm) = 95 nm and total height of device Hota1 = (tep + tg) = (6 nm +
30 nm) = 36 nm. The designed F-TFET device is represented in Figure 10.1 and
includes multiple colors and physical characteristics. The SILVACO ATLAS
tool was used for all simulation experiments. The non-local BTBT framework
supports the quantum tunneling characteristic by identifying quantum tunneling
areas (qt regions) at the SCI;, and DClIjy,.
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FIGURE 10.1 2D cross-sectional representation of F-TFET with two cut-lines AB and XY.
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10.3 DC CHARACTERISTICS

Variations in fundamental DC FOMs such as the EBDs (Energy Band Diagrams),
L4~V (Transfer Characteristics), Vi, (threshold voltage), potential, recombination
rate, Egelqs, and Sub-threshold Swing (SS) are the acceptable approach to examine
in the initial stage of the device’s vulnerability study under diverse channel doping
levels [11,12]. As a result, the effect of increasing N¢ on the DC efficacy of F-TFET
is extensively deliberated in this work. When N¢ increases from 10'* cm™, a high
number of empty states are generated within the channel region because increasing
dopants create empty states in the band gap [13]. These empty states have small
ionization energy; dopants may create a band when further doping increases.
Depending on the location of generated band, the band gap will either increase or
decrease. The intrinsic (n;) and impurity (N,) concentrations are proportionately
related to each other, as given by Equ. 10.1. Because of high N¢, a high carrier
concentration is present within the channel region [14-16].

E,
n; = Nexp - (10.1)
2kT

The doping profile of the source region is very high (10°° cm™) as compared to the
channel region. From Figure 10.2(a), when N¢ = 10 and 10'5 ¢cm™, the band
alignment significantly improved at SCI;,,, after that the present potential barrier
between bands starts increasing because the higher doping of the channel leads to
mobility degradation. A similar effect can be seen at the DCI;,, in Figure 10.2(b).
The energy band alignment at both interfaces starts diminishing when N¢ is higher
than 10'® cm™.

The mobility and the doping density are inversely related to each other; for
increasing the doping profile, the mobility of charge carriers gets diminished.
Because of the reduced mobility, the movements of the charge carriers become
restricted [17,18]. These restricted movements turn into vibration with further
increasing doping level; it becomes zero for ideal condition. As a result, the
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FIGURE 10.2 ON-state EBD at (a) Source-Channel-Interface (SCI;,,) along XY cut-line
and (b) Drain-Channel-Interface (DCI;,,) along AB cut-line for various Nc.
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FIGURE 10.3 The ramifications of N¢ on potential at (a) SCIj,, and (b) DCIj,.

considered energy between two points lessens, and the potential at SCI;,, and DCI,
started to decline with rising N¢ in ON-state conditions, as shown for SCI;,, and
DCI;,, in Figure 10.3(a) and 10.3(b), respectively.

The Ege14s at both interfaces are also significantly affected by the change in N¢
because Egqgs mainly depends on the carrier concentration and presented force
between them, both change with N for the F-TFET. The deviation in Egegs
at SCI;,, and DCI;,, is portrayed in Figure 10.4(a) and 10.4(b). The Egegs
start improving when N varies from 10'* to 10" cm™; it decreases because of
the deduced potential between the charge carriers. When N¢ = 10" cm™, Efelas =
3.01 x 10° V/em (at SCI;p) and Egegs = 6.12 x 10° V/em (at DCI,,,). The high
Efelas at SCI;, help to increase Ioy and are beneficial for improving device
performance. Another side, Eqe1qs at DCIj, try to increase the device’s leakage/
ambipolar current, which is not desirable for optimum device efficacy [19,20].
The Ege14s and potential significantly affect the generation and recombination rate
of charge carriers at both interfaces. In the ideal case, generation and
recombination at thermal equilibrium conditions are equal to each other. When
external supply is applied to the device, the equilibrium condition gets disturbed
and the recombination rate may be different from the generation rate [21,22].
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FIGURE 10.4 Variations in Electric Field (Egeqs) for ON-state at (a) SCI;,,, and (b) DCI;,.
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FIGURE 10.5 Variations in Recombination rate for ON-state at (a) SCI;,; and (b) DCI;,,.

When Nc increases, a greater number of charge carriers generated and ready to
recombine with carriers present at either source or drain region. Because of this,
the recombination rate at SCI;,,, and DCI;,,, enhanced as N¢ increased from 10" to
10" cm™3, as depicted in Figure 10.5(a) and 10.5(b).

The drain current is not mainly dependent on the channel doping profile; it depends
on the source doping level. Since most charge carriers contained in the source rely
on the proportional modification of charge carriers that tunnel from source to channel,
the Ion (saturated Iy) is not purposefully pretended by the N variation. The
predominant majority charge carriers (carriers of source region which contributed to
Ion deviations) fractional modulation is not very noteworthy. However, when carrier
density within the channel region changes because of doping concentration, the Iy
significantly varies with this. As a possible consequence, as shown in Figure 10.6,
a noticeable N¢ influence on the Iy of the F-TFET can be seen. The maximum Ioy
(1.08x 107* Al/um) is achieved when N ;, set 10> cm™. The transfer characteristics
of F-TFET are shown in Figure 10.6 on both linear and semi-log axes.
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FIGURE 10.6 13-V, plot to analyze the effect of channel doping deviations on transfer
characteristics.
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The implications of N¢ on the variation of ON-state current and ION/IOFF ratio are
depicted in Figure 10.7(a). The higher ION of the simulated device is achieved for
NC = 1015 cm™ (Figure 10.7(a), lightly shaded plot) and the IOFF is not signifi-
cantly affected by the N deviations. Hence, the Ion/Iopg ratio significantly varies
ION accordingly. The maximum Ion/Iopg ratio achieved for the N = 10" cm™ and
the lowest for the N¢ = 10" cm™ (Figure 10.7(a), dark shaded plot). The slope of
the Iys — Vg plot in the subthreshold phase is inversely correlated to the SS value
and its mathematical expression given by Equ. 10.2 [23]. Figure 10.7(b) shows that
when N rises, the SS value rises (lined dark plot), which is not acceptable for the
switching speed of the investigated device. On either side, the suggested device’s
Vy, increases (black shaded plot, Figure 10.7(b)) as N¢ increases, which is not
favorable for applications requiring incredibly low power.

SSue = (10.2)

10.4 ANALYSIS OF ANALOG/RF FOMS

Parasitic capacitances like gate-drain and gate-source capacitance (Cqq and Cgy),
transconductance (g,,,), maximum cut-off frequency (f,), Gain band with the product
(GBP), and a few other crucial characteristics examined in this investigation aim to
explain the effects of N¢ variations on high efficiency of F-TFET. A high Ion with
lower Vy, and superior SS values usually plays a vital role in the remarkable high-
frequency performance of any FET device. Due to their simultaneous significance
for parasitic oscillation across several frequency ranges, the Cgq and C, are es-
sential to evaluating how well a device performs at high frequencies. For high-
efficacy devices, Cyq and C, are being reviewed; the parasitic capacitances must be
as minimal as feasible due to their prominence on device speed, resulting in a
logical circuit latency [23,24].

The increment in dopants within the channel region helps to exacerbate the
inversion layer through the presence of charge carriers within the channel
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FIGURE 10.8 The plots of (a) Cyq and (b) C,.

region. However, the significant change in the inversion layer cannot be seen
as Nc increases, so the Cg is not changing significantly, as displayed in
Figure 10.8(a). However, the presented potential barrier (reduced) at SCI;,, varies
according to the N¢ (increase) values. Because of this, Cg, increase with increasing
N¢, as described in Figure 10.8(b).

The findings show that, as V increase from 0.0V to 1.50V, the F-TFET exhibits
lower Cgg and Cyq at N¢ = 10'® cm™ due to the increased carrier mobility across the
channel and less inversion/accumulation process at both interfaces.

To analyze the device speed and switching response, we need to examine the
gm parameters of the device. The g, defines as the 1° derivative of Iy to Vs, and
it should be high for improved device performances [25]. The g, curves for
various N concentrations are shown in Figure 10.9(a) to make it more conve-
nient to analyze amplification or analyze the current device ability of F-TFET.
The maxima of g, plot are achieved for 10" em™ doping of channel region
because for this Ion is higher. For other values of Nc, g, starts decreasing as
N increases from 10'° to 10'® cm™. By determining the ratio of the g, to the
2 (Cyq + Cyy), the value of the f; can be obtained [26]. As shown in
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FIGURE 10.9 The curves of (a) g, (b) f; under N¢ deviations according to the gate
voltage.
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FIGURE 10.10 The variation in (a) GBP and (b) Transit time.

Figure 10.9(b), the significantly larger g,, and lower (Cyq + Cg) for the N¢ =
10" cm™ with high Vs allow for the attainment of the improved figure of fi.

GBP is adversely correlated with the device’s C,yq value and linearly propor-
tionate to the g.,,. To achieve superior high-frequency endurance, GBP must be large
[27]. Although the g, and Cgy both rise with N¢ (10" cm™), the very high gm
causes GBP to improve with low N¢ = 10" cm™ and decline when N¢ > 10" cm™.
For N¢ (10" ¢cm™), the percentage deviation of fluctuation in GBP is 4.56%
(increase) with respect to N¢ > 10" cm™ (Figure 10.10(a)). Transit time (7),
another crucial factor, is used to examine the device response time and delay [28].
The considerable change in 7 is seen when N¢ varies; its minima (0.061 ms) are
achieved when N is set to 10" cm™, as depicted in Figure 10.10(b).

The study of TFP and TGF (Transconductance frequency and Generation factors)
is important to demonstrate the device efficacy and offset among power dissipation
and functioning bandwidth [26]. Figure 10.11(a) and (b) exhibit the effects of dis-
tinction N¢ values on TFP and TGF. The TFP and TGF significantly decline with the
higher value of N as the V become high. For smaller Vg, both the parameters start
increasing and, after attaining its maxima, start decreasing because the device’s
maximum cut-off frequency is low (Figure 10.9(b)) and mobility saturation.
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FIGURE 10.11 The variation in (a) TFP and (b) TGF.
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TABLE 10.1
Overview of Critical Parameters for Different Doping Levels of Channel
Region

Parameters Channel Doping Level (N¢)

10" cm™3 10" cm™3 10" cm™3 10" cm™3 10"® cm™3
Ion (A/um) 5.5 % 107 1.08 x 107 6.14 x 1073 4.89 x 1073 4.54 x 107
Torr (A/um) 117x107"%  015%x 107" 233x 107" 1.14x10"®  1.15x 1078
Ton/Torr 4.68 x 10'3 7.18 x 10%3 4.98 x 10" 428 x 10" 3.94 x 10"
Lumbi (A/um) 217 x107'%  482x 107" 263x 107" 214x 107 2.00x 1078
SS (mV/decade) 9.39 9.48 9.51 11.42 13.84
Vi (V) 0313 0.32 0.35 0.36 0.42
Cga (fF) 6.21 5.38 5.46 5.42 5.92
Cg (fF) 2.05 2.092 2.18 225 2.34
2 (mS) 0.081 0.208 0.118 0.091 0.86
f, (GHz) 32.25 88.34 47.98 35.08 34.11
GBP (GHz) 12.84 27.89 16.21 14.56 13.02
TT (ms) 0.123 0.091 0.098 0.071 0.1001
TFP (THz) 0.18 0.38 0.201 0.173 0.168
TGF (kV™") 42.05 51.21 43.1 33.81 33.53

The overall deviation in the F-TFET performance parameters with change in
channel doping level is summarized in Table 10.1. From Table 10.1, we can clearly
opt for the best-suited doping level for the simulated device structure channel
region. Also, select the optimum frequency range within that device to work effi-
ciently without any performance degradation.

10.5 CONCLUSION

In this chapter, the effect of channel doping on device efficacy is investigated to get
the optimized N value. An improved SS and Vy, values are observed if the NC is set
between 1015 and 10'® cm™. Compared to lower N¢, there is a corresponding drop in
Ion/logr ratio as lower Ipy is achieved at higher N, and ambipolar current is
not much affected by N deviations. As the electric field and potential significantly
lessen for increasing NC, the overall device performance degrades with this. As per
consideration of outcomes, the peak value of Ioy (1.08 X 107 A/um), lower SS
(9.48 mV/decade) with optimum Vth (0.32 V) accomplished for N = 10" cm™.
Additionally, the functionality of the F-TFET is examined while considering the
cumulative effects of N on ON-state amenities and RF efficacy aspects.
Capacitances f; and GBP are significantly impacted by higher N, which lowers the
efficiency of the device in digital logic implementations. We found that RF limi-
tations are more susceptible to higher N¢ values, which does not allow us to assess
the device’s performance for high-frequency operations. The analysis suggests that
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the F-TFET might provide a viable option for enhanced analog/RF and ultra-low
power applications when NC is between 10" and 10'® cm™.
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11.1  INTRODUCTION

Since a few decades ago, many viruses have been found which are extremely
harmful to human life. As such, some time ago and still, we are going through a
pandemic called coronavirus (COVID-19) [1]. A lot of research has found that these
infections caused by new viruses spread very fast. So, there is the only way to break
the cycle of these viruses, which is to detect them at early-stage [2]. Some symp-
toms are of a specific disease, so it is essential to keep looking at that disease and
find its potential to progress. Due to all these things, biosensors have an important
place in the field of medicine. In this, the biosensor examines the samples taken
from the patient and detects diseases caused by various components.

Moreover, Biosensor is used in many fields like agriculture, environmental
monitoring [3] forensics [4], drug discovery [5], etc., for their accurate results and
short-time detection. Label detection methods like magnetic, fluorescent, and
electrochemical techniques alter the natural quality of sample biomolecules [6—8].
Because of this, these techniques give incorrect results and take more time.
As a result, many researchers are attracted by label-free detection techniques,
which give accurate results, for further research [9]. In the past few years, bio-
sensors based on FET have become very popular, as they operate on label-free
detection. Detection speed and sensitivity are very important when designing
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any biosensor [10,11]. The literature on several types of research on biosensors
includes ion-sensitive field-effect transistors (ISFETs) and dielectrically modu-
lated FETs (DMFETs) label-free biosensors [10-14]. Reducing the dimensions
of the device increases the sensing ability of the biosensor. But reducing the
dimension of the MOSFET produces different short channel effects (SCEs), high
power dissipations, low current ratios, etc., which affect the sensitivity of the
biosensor. Additionally, the MOSFET device’s subthreshold swing (SS) is equal
to or greater than 60 mV/decade at room temperature. Due to this, it has a large
response time that limits the highest sensitivity [15-18].

Therefore, the MOSFET should be changed by any semiconductor device that
has the same structure and manufacturing process. In this regard, the TFET is a
device to overcome these limitations because its working mechanism is based on
quantum tunneling [19-22]. Because of its superior performance compared to
MOSFET-based biosensors, researchers are more interested in it, especially in DM
phenomena [23-26]. Here, sample biomolecules are sensed by variations in the
various characteristics of the biosensor as the samples with various values of K are
present in the nanogap cavity area. Furthermore, 3-D devices such as nanowires
[27] and NT-TFET biosensors [28] improve the sensing ability in several ways. In
addition, 3-D devices provide greater gate-to-channel controllability, are area-
efficient, and perform better than planar devices [29-34].

Physically doped TFETSs increase the complexity of the fabrication process,
which needs high-cost thermal annealing techniques [35]. This causes a deviation
in the Vy, (threshold voltage), which reduces the device’s performance. Doping-free
phenomena come into the picture to overcome these concerns by using charge
plasma (CP) phenomena for the formation of source and drain regions. The creation
of abrupt junctions with high thermal cost can be minimized by using a charged
plasma-based TFET [35-37].

In this chapter, we proposed a doping-free silicon nanotube TFET (DF-Si-NT-
TFET) biosensor for sensing various sample (with and without charge) biomole-
cules. The source and drain regions are created by utilization of suitable metal
electrode work function. Here, the cavity is created in the outer and inner sections of
the device. Both the nanotube cavities effectively display the neutral and charged
(DNA) biomolecules present. Also, the nanotube style provides improved sensing
ability due to its inbuilt advantages. The availability of biomolecules in the nanogap
cavity region enhances the capacitive coupling, resulting in improved device
characteristics of the biosensor.

The rest of the chapter is structured as follows: Section 11.2 explains the pro-
posed biosensor structure, dimensions, and models. Section 11.3 explains the
results, including the basic electrical characteristics of neutral and charged (DNA)
biomolecules in section 11.3.1. Sections 11.3.2 include the sensitivity analysis in
terms of DC parameters. Section 11.3.3 consists of high-frequency parameters
for biomolecules and section 11.3.4 has the sensitivity analysis in terms of high-
frequency parameters. Section 11.3.5 is devoted to the optimization used for the
proposed DF-Si-NT-TFET biosensor structure. Finally, 11.4 summarize the
important points of the observations of this work.
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11.2 BIOSENSOR STRUCTURE, DIMENSIONS, AND SIMULATION
SETUP

Figure 11.1(a-b) shows the 3-D design and half of the 2-D cross-section design of
the proposed DF-Si-NT-TFET biosensor. The biosensor is vertically designed with
intrinsic silicon; here source gate and the drain region are created by using charge
plasma phenomena. The proposed biosensor silicon and core gate diameter are
taken as 10 nm. The other dimension of the device is considered as follows; drain,
source, and channel region are 50, 50, and 20 nm. The silicon body’s thickness is
less than the Debye length, allowing charge to be induced by applying various metal
electrodes to the silicon device.

The platinum and hafnium metal electrode with the work function of 5.93 and
3.9 eV is used for the creation of the CP source and CP drain region [23,35-37].
The cylindrical silicon device is covered with 1 nm oxide (SiO,). The outer gate is
separated by 2 nm from the CP drain and CP source electrodes. The core gate starts
from the middle of the channel region and shifts towards the source region. The
outer and core gate electrode metal work function is considered as 4.53 eV. The
outer cavity region is designed in the channel region near the source and it is
elevated 5 nm from the outer gate oxide. In addition, the inner cavity region is
formed in the core section and beneath the source region of the device. This pro-
vides an equal allocation of the target biomolecules.

The details and uses of the biomolecules are mentioned in Table 11.1. The mass
and thickness of most biomolecules are less than 5 and 2 nm, respectively.
Therefore, these biomolecules can fit into the outer as well as the inner nanogap
cavity, as the height of the outer cavity is 5 nm [38,39]. The proposed biosensor has
the advantages of being doping-free and NT-TFET for the design of highly sensitive
biosensors.

The simulation for the proposed DF-Si-NT-TFET biosensor is performed using
3-D Silvaco Atlas TCAD [40]. BBT.The Kane model is incorporated to consider
three-dimensional tunneling in the cylindrical device. In addition, AUGER and
Shockley Read Hall models are included for the computation of the recombination
process in a semiconductor device. Further, CONMOB and FLDMOB are used to
consider concentrate and field-dependent mobility. Fermi Dirac statistics are

(a) Biomolecules (b) Source electrode
sample

CP source electrode

Inner cavity

core gate Outer cavity

Outer gate

Biomolecules
sample

Channel

Drain

CP drain electrode
(Silicon)
Biomolecules

sample

Drain electrode

FIGURE 11.1 (a) 3-D design (b) half part of a 2-D vertical cross-section of DF-Si-NT-
TFET biosensor.
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TABLE 11.1

Dielectric Constant and Uses of Various Biomolecules

Name of Dielectric Constant Uses

Biomolecules (K) [11,16,17,24]

Streptavidin 2.1 It is utilized for the identification of various nucleic
acid proteins and lipids

Biotin 2.63 It is basically a vitamin B, it is available in edible

things, supports to control blood sugar, and helps
with the growth of hairs and nails

APTES 3.57 It is used for the process of silanization
Bacteriophage T7 6.3 It is used for killing bacteria

Protein It is used for producing hormones and repairing tissue
DNA 6 It is used to track down blood relatives, identify

bodies, and look for cures for various disease
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FIGURE 11.2 3-D calibrated result of [32].

utilized for modeling the band structure of the biosensor. Apart from these,
mathematical calculations of the device physics are performed using the Gummel
Newton Maxtrap approximation method.

For TCAD simulator calibration, we have kept the dimensions and bias voltages
as specified in the reference [32]. The transfer characteristic is used to evaluate the
simulation result. The simulation result of the nanotube TFET is approximately a
replica of the reported results [32] and this is proved by Figure 11.2.

11.3 RESULT AND DISCUSSION

11.3.1 Basic ELecTricAL CHARACTERISTICS OF THE BIOSENSOR

The response of the DF-Si-NT-TFET biosensor to target biomolecules is investi-
gated in this section with differences in some electrical characteristics. In this, the
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FIGURE 11.3 TImpact of (a) neutrally charged (b) charged (DNA) biomolecules on
e~ concentration and impact of (c) neutrally charged (d) charged (DNA) biomolecules on
(EBD) energy band distribution.

variation in the electrostatic performance of the DF-Si-NT-TFET biosensor is
accompanied. Figure 11.3 shows the difference in the electron concentration and
energy band distribution (EBD) of the proposed DF-Si-NT-TFET biosensor in the
presence of different neutral and charged (DNA) biomolecules. Figure 11.3(a)
demonstrates that the increment in the value of K increases the capacitive coupling
between the channel region and the gate electrode (outer and core), resulting in an
increase in the electron concentration at the tunneling interface. Figure 11.3(b)
depicts the difference in the e~ concentration in the presence of DNA biomolecules
with different charge densities.

A positively/negatively charged biomolecule of DNA trapped in a nanogap
cavity increases/decreases multiple electrons/holes at the tunneling interface,
resulting in an increase/decrease in e~ concentration. The electron concentration
is higher for the negative (—le12 C/cm™) charge density than for air because the
dielectric constant of DNA is higher than that of air.

Figure 11.3(c) shows the occupancy of biomolecules in the nanogap cavity by
variation in the energy band distribution. As the value of K increases in the nanogap
cavity region, the barrier width near tunneling junction decreases due to an en-
hancement in the electron tunneling rate. The increase in electron count in that
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region is verified by Figure 11.3(a). Figure 11.3(d) depicts the deviation in the
energy band distribution (EBD) in the occupancy of DNA biomolecules with
various charge densities.

As the higher positive charge (+1e12 C/cm™) is trapped in the nanogap cavity,
the amount of electrons in the source and source/channel interface region is
increased. Figure 11.3(b) is evident for the increase in electron for higher positive
(+1el2 C/em™) charge density. A reduction in the width of the tunneling barrier
is observed due to this increase in electrons. An increase in electrons with K and
p values in the channel and source region causes an increment in the peak value
of the electric field at the tunneling interface.

The electric field deviation at the tunneling interface of the DF-Si-NT-TFET for
neutral biomolecules is verified in Figure 11.4(a). The highest electric field peak of
3.53 MV/cm is observed for protein at the tunneling interface. The effect of various
charge densities of DNA on the electric field is shown in Figure 11.4(a). The
variation in an electric field is clearly visible for DNA in the cavity area compared
to air. Since the deviation in the value of the K is much greater than the variation in
the charge density.
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The variation in the electron current density of DF-Si-NT-TFET for neutral and
charge (DNA) biomolecules is depicted in Figure 11.4(c-d). Electron current den-
sity is defined as the number of electrons flowing per unit of time by a specific
cross-sectional area of a semiconductor device.

The deviation of electron current density with the value of K for neutral bio-
molecules at the tunneling interface is shown in Figure 11.4(c). The lowest and
highest peak of electron current density of 496.5 A/cm? and 42.5 x 10° A/cm? for
air and protein are observed at tunneling junctions.

Similarly, the effect of various charge densities of DNA on electron current density
is depicted in Figure 11.4(a). The electron current density at the tunneling interface
changes with an enhancement in the value p from high negative (~1e12 C/cm ™) to high
positive (+1el12 C/em™). The highest electron current density of 34.8 x 10° A/cm?
is achieved for DNA with a charge density of +1e12 C/cm™.

Due to the target biomolecules in the inner and outer cavity, the electron density
in the tunneling and CP source region increases, thereby reducing the tunneling
barrier width of the proposed biosensor. This reduction in the width of the barrier
initiates higher tunneling of electrons from CP source to the channel region.

This increase in electron tunneling is responsible for higher drain current in the
DL-Si-NT-TFET. Figure 11.5(a) depicts the effect of different neutral biomolecules
present in the cavity area of DF-Si-NT-TFET on Ips-Vgs characteristics. The
highest Ipg of 1.05 x 10°A for the biosensor is achieved when protein is filled in
both the nanogap cavity regions of biosensor. The high positive charge of DNA
(+1el2 C/em™) increases the amount of electrons in the CP source and tunneling
region. So decreasing the tunneling width increases the probability of electron
tunneling. This improves the Ipg, as seen in Figure 11.5(b).

Figure 11.6(a-b) shows the subthreshold swing for different target biomolecules.
The value of Vs, due to which the Ipg of a device increases by a decade or an order
of magnitude, is known as SS.

The SS value is an essential parameter to classify it as a proficient biosensor, i.e.,
the biosensor which has a small value of SS rapidly detects various biomolecules.
The accumulation of charge carriers increases due to the increment in the dielectric
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FIGURE 11.5 Impact of (a) neutrally charged (b) charged (DNA), biomolecules on transfer
(Ips-Vgs) characteristics.
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constant (K) value in the nanogap cavity region. This provides a decrement in the
tunneling barrier width at the tunneling interface allowing a higher tunneling rate of the
charge carrier. Therefore, for neutral biomolecules, the value of subthreshold swing
(SS) decreases with the increment in the value of K, as represented in Figure 11.6(a).

Similarly, the effect of charged (DNA) biomolecules in SS is shown in
Figure 11.7(b). The SS value is high when only air is present in both cavities of the
proposed DF-Si-NT-TFET biosensor. The negative and positive charge densities
are taken on the x-axis.

The value of SS for DNA increases from high negative (-le12 C/cm™) to high
positive (+1el2 C/cm™) values. The minimum value of SS (53 mV/decade) is
obtained for +lel2 C/em™.

The variation in the Ion/Iopr ratio of various neutral and charge (DNA) is shown
in Figure 11.7(a-b). The increment in the value of K and p decreases the conduction
band and valence band alignment at the tunneling interface, thereby improving the
Ips for the biosensor. Hence the Ion/Iorg ratio increases for the proposed biosensor.
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The increment in the Ion/Iopg ratio for five different neutral biomolecules is rep-
resented in Figure 11.7(a). The protein-filled in the nanogap cavity shows a
high ION/IOFF ratio value. The ION/IOFF ratio increase with the value of p is
demonstrated in Figure 11.7(b). Lower and higher values of Ion/Iogr ratios of
6.15 x 10 and 1.85 x 10'® have been detected for the DNA biomolecule, for the
charge density of —le12 C/cm™ and +1e12 C/cm™, respectively. This investigation
shows that the Ion/Iogg ratio is an increasing function for the K and p.

11.3.2  SENsITIVITY ANALYSIS BY DC PARAMETERS

The sensitivity of any biosensor is a measure of its ability to detect. Therefore,
every biosensor’s sensing ability must be high to signify how proficiently it senses
the target biomolecule. The sensing capability of DF-Si-NT-TFET biosensor is
calculated in respect of air filled in the nanogap cavity area for the sample bio-
molecules, and the formula is given by

(11.1)

Sensitivity = ‘ (S]gisz)
1

Here S, is the value when only Air is occupied in the cavity area, S, is the value when
biomolecules are present in the nanogap cavity area; that value differs in magnitude.
This section investigates the DF-Si-NT-TFET sensitivity in terms of Ipg, SS, and
Ion/logr ratio sensitivity. Figure 11.8(a) depicts the Ipg sensitivity for different
neutral biomolecules. In this, the IDS sensitivity increases as the value of K of the
biomolecules increases. The lowest and highest Ipg sensitivity of 8.32 and 623.5 is
detected for streptavidin and protein biomolecules. Similarly, with an enhancement
in the value of p of DNA biomolecules from a high negative (+1el12 C/cm™) to a
high positive (+1e12 C/cmfz), Ips sensitivity increases. The highest Ipg sensitivity is
achieved for DNA with charge density +1e12 C/cm™2, as shown in Figure 11.8(b).
The best part of the Ipg sensitivity is that its peak is found at low Vgg.
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The SS is a very important parameter for a biosensor in the process of detection
because it defines the speed of the sensing, i.e., lower value of SS shows faster
sensing ability. The SS sensitivity is calculated by the given formula in equation 11.1.
Figure 11.9(a-b) shows the SS sensitivity of DF-Si-NT-TFET for various neutral and
charged biomolecules. The steeps SS provide superior detection ability as well as
improve the basic electric performance of the DF-Si-NT-TFET.

Figure 11.9(a) depicts the SS sensitivity of five different neutral biomolecules.
Here, the lowest and highest SS sensitivity of 0.12 and 0.3 were obtained for
streptavidin and protein biomolecules, respectively. Figure 11.9(b) demonstrates
the SS sensitivity for DNA with four different negative and positive charge
densities. From the results, we can say that SS sensitivity increases from negative
(-lel2 C/em™) to positive (+1el2 C/cm™) charge density. The highest SS
sensitivity of 0.275 is achieved for DNA with a charge density of +lel2 C/cm?.

The Ion/Iogr sensitivity is also determined using equation 11.1. Figure 11.10(a-b)
shows the Ion/Iopr current ratio sensitivity for different target biomolecules. The Ipg
increases with an increment in the value K which is due to the decrease in the barrier
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FIGURE 11.10 Impact of (a) neutrally charged and (b) charged (DNA) biomolecules on
Ion/lorr sensitivity.
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width at tunneling interface. This results in an increase in the value of Ion/Iogg ratio.
In Figure 11.10(a), the highest sensitivity of 64 is obtained for protein biomolecules
with respect to air.

The Ion/Iorr current ratio enhances with an increment in the p from negative
(-1el2 C/em™) to positive (+1el2 Clem™). Figure 11.10(b) demonstrated the
Ion/logr sensitivity for DNA for four different charge densities. This is because
the stabilization of the higher value of p (~lel2 C/cm™?) inside both the cavity
regions with the Vgg takes to a superior inversion below the cavity. Like the
Ips and SS sensitivity, the Ion/Iopr sensitivity is also proportional to the value of
K and p.

11.3.3 HIGH-FREQUENCY PARAMETERS ANALYSIS OF NEUTRALLY
CHARGED AND CHARGED BIOMOLECULES

High-frequency parameters are also used as sensing metrics for biosensor. So, some
high-frequency parameters such as output conductance (gys), transconductance
(gm), cut-off frequency (fr), and device efficiency (g,,/Ips) [41-43] are calculated
for further sensitivity analysis of DF-Si-NT-TFET biosensor.

The g4 is a very important parameter of high-frequency parameters, which
provides information about the dependence of Ipg in the drain voltage (Vpg).
Figure 11.11 shows the impact on g4y for various neutral biomolecules. It is
observed that the curve of g4 increases with drain voltage, but after a peak, it gets
degraded. From the investigation, it is clear that g4s increase with the value of K of
the five different neutral biomolecules. The highest peak of 3.18 uS is found for
protein at 0.5V of Vpg among all the biomolecules. Figure 11.11(b) demonstrates
the g4, with respect to Vpg for four different charge densities of DNA biomolecules.
The gds curve increases from negative (—1el2 Clem™) to positive (+1el2 Clem™)
charge densities of DNA biomolecules. The lowest and highest peaks of gds,
0.8 and 2.6 uS are found at 0.6 and 0.55 Vpg.
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g, calculates the device’s ability to convert Vgg to Ipg. The variation in gm for
different neutral and charged (DNA) biomolecules is represented in Figure 11.12.
The impact of the change of different values of K in the nanogap cavity is analyzed
in Figure 11.12(a). Here the g, enhances with the value of Vgg for all the bio-
molecules. The highest peak of g, is achieved for protein biomoleucule.

Similarly, Figure 11.12(b) depicts the impact of deviation in the value of p in the
nanogap cavity region for g,,. The higher positive (+1el2 C/cm™?) charge density
traps more electron tunneling interface, resulting in an increase in the Ipg. So the
higher positive (+1e12 C/cm™2) charge density of DNA has a great ability to convert
the VGS into IDS‘

fr is the frequency where the current gain of the device becomes unity. f can
be calculated by the formula given below:

8m

fr= 201 (Cys + Ca)

(11.2)

The high-frequency parameter fr is demonstrated as a sensitivity parameter for
neutral and charge (DNA) biomolecules in Figure 11.13. The variation in fy for
different values of K is represented in Figure 11.13(a). Here, increasing the value
of K from 1 to 8 increases fr with respect to Vgs. The lowest and highest values
of fr are obtained for the air and protein, respectively. The maximum value of fr,
which is 0.82 GHz, is achieved in the presence of protein in the cavity area.

The deviation in high-frequency parameter fr for DNA with different values
of p is represented in Figure 11.13(b). ft increases with the higher negative
(—1el2 C/em™) value of p to higher positive (+1e12 C/cm™) values of p. Due to
the value of g,, increasing with the value of p. The highest value of ft is obtained
for a charge density of +lel2 C/cm™.

Device efficiency (g./Ips) is the high-frequency parameter that is used to cal-
culate the ability to convert Ipg into g,,,. The biosensor’s sensing ability is inves-
tigated in respect of device g.,/Ipg for the proposed biosensor and is represented in
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Figure 11.14. The impact on the gm/Ipg for five neutral biomolecules is shown in
Figure 11.14(a). The peak of g,,/Ips enhances with an increment in the value of K of
sample biomolecules. Also, the peak of g./Ips is shifted to a lower value of Vgg
with an increasing value of K. The difference between the Vgg for high and low
peak values of gm/Ipg of protein and air is 0.2 V.

Similarly, the difference in the gm/Ipg in the presence of various charge densities
of DNA present in the biomolecules is investigated in Figure 11.14(b). Here, the
peak of g./Ips shows a very slight increase with deviation in charge density. But
shifting in Vgg for the particular peak of gm/Ipg is more. A difference of about
0.28V exists between air and high positive charge density ((+1e12 C/cm™).

Therefore, the sensing parameter gm/Ipg is a very good candidate where a low
supply voltage is required to sense any neutral and charged (DNA) biomolecules.

The values of the high-frequency parameters for various neutral and charged
(DNA) biomolecules are presented in Table 11.2 and Table 11.3, respectively.
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TABLE 11.2
High-Frequency Parameters for Neutrally Charged Biomolecules
High- Neutrally Charged Biomolecules
Frequency
Parameters Streptavidin Biotin APTES Bacteriophage Protein

K=2.1) (K=2.63) (K=3.57) T7 (K=6.3) (K=8)
245 (1S) 0.27 0.45 0.78 1.72 3.18
e (US) 0.23 0.4 0.72 1.7 321
fr (GHz) 0.08 0.13 0.21 0.46 0.82
en/lns (V7 357 372 39.2 422 44.7
TABLE 11.3
High-Frequency Parameters for Charged Biomolecules
High-Frequency Charged Biomolecules (DNA) (K = 6)
Parameters

-1el2 -5el1 +5e11 +1e12

24s (US) 0.88 1.19 2.05 2.6
em (uS) 0.98 1.25 1.88 2.23
fr (GHz) 0.26 0.34 515 61.3
gm/Ipg (V71 40.5 40.9 423 43

11.3.4  Sensimivity ANALYSIS BY HIGH-FREQUENCY PARAMETERS

The sensitivity analysis by high-frequency parameters for various neutral and
charged (DNA) biomolecules is performed using equation 11.1. The calculated
sensitivity parameters for neutral and charged (DNA) biomolecules are specified
in Table 11.4 and Table 11.5, respectively.

TABLE 114
High-Frequency Parameter Sensitivity for Neutral Biomolecules
High-Frequency Neutrally Charged Biomolecules
Sensitivity Metrics
Streptavidin Biotin APTES Bacteriophage  Protein
(K=2.1) (K=2.63) (K=3.57) T7 (K=6.3) (K=38)
g4s sensitivity 3.21 5.84 10.7 24.9 46.8
gm sensitivity 3.92 7.37 14.1 342 65.4
fr sensitivity 5.02 123 29.2 108.7 325.1

gm/Ipg sensitivity 0.14 0.19 0.25 0.35 0.43
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TABLE 11.5
High-Frequency Parameter Sensitivity for Charged Biomolecules
High-Frequency Sensitivity Charged Biomolecules (DNA)
Metrics

-lel2 -5el1 +5e11 +1e12
gds sensitivity 12.3 16.9 29.9 38.1
gm sensitivity 19.4 24.8 37.8 45.2
fr sensitivity 13 315 378.2 1974.8
gn/Ips sensitivity 0.30 0.31 0.35 0.38

The sensing ability is calculated by considering the peak value of each high-
frequency parameter with the air as a reference. Here, like the high-frequency
parameters, its sensing capability enhances with an increment in the value of K and
p of the biomolecules.

11.3.5 OPTIMIZATION

Figure 11.15(a) shows the Ipg sensitivity for biotin with respect to the Vgg. It has
been demonstrated that when an individual cavity is performed at a time, it gives a
lower sensitivity than both cavities. The reason is that both cavities provide a large
surface for immobilizing biomolecules, which increases the sensing capability of
the biosensor. Figure 11.15(b) displays the Ipg sensitivity to demonstrate the
importance of shifting the core gate towards the source region.

It can be clearly seen from the graph that the proposed biosensor with the shifted
gate offers greater sensitivity for each biomolecule available in the cavity area.
The core gate below the source region provides a sufficient number of electrons to
decrease the tunneling barrier. This resulted in an improvement in the Ipg sensitivity
of the proposed doping-free biosensor.
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FIGURE 11.15 Impact of neutrally charged biomolecules on Ipg sensitivity for (a) cavity
optimization (b) core gate position optimization.
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11.4 CONCLUSION

This chapter suggests an insightful analysis of the utility of DC and high-frequency
parameters as sensing metrics for doping-free silicon NT-TFET (DF-Si-NT-TFET)
biosensors. The simulation results specify the variation in device characteristics
when changing biomolecules in the nanogap cavities of the biosensor. The shifting
of the core gate gives the biosensor greater sensitivity to different biomolecules.
The collaborative working of both cavities increases the sensitivity of the biosensor.
High-frequency parameters can also be a great option for measuring biosensors’
sensing capability. Both DC and high-frequency parameters for sensitivity are an
increasing function of K and p of biomolecules.
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12.1 INTRODUCTION: DEMAND FOR LOW POWER DEVICES

Recently, the IT industry has been at the critical turning point [1-4]. As the
demand for big data market and portable device market have been gradually
expanded, the new portable electronic devices such as Apple watch, Samsung
galaxy watch, and IC chips for self-driving car (eg. Tesla) are required to have ‘1)
high data storage capacity’ and ‘2) low power operation’ [5-8]. In order to meet
high data storage demand, lots of IC chip companies steadily continually design
the integrated circuit (IC) chips with smaller transistor [9-11]. However, the
steady miniaturization of transistors inevitably involves short channel effect
(SCE) including increase of off-current (I,¢), which makes hard to achieve “2)
low power operation” [12—15].
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According to mitigate the above issue, abundant research has been conducted to
replace the conventional transistor structure, and it has been widely accepted that
tunnel field-effect transistor (TFET, Tunnel FET) could be a promising candidate
to replace the conventional transistor structure [16—19]. This is because TFET has
strong immunity to SCE, and it also has low on/off current characteristics from
the physical principal of its operation [20-23].

In this chapter, we are going to discuss what kinds of performances are required
for designing next-generation memory devices, and what previous research has
been done to accomplish each performance. On top of that, trade-off issues in
designing the structure of memory device are also widely and specifically ad-
dressed. Then, this chapter will be finished by addressing the expected challenges
for adopting TFET for memory chips.

12.2 FLOW CHART FOR EXPLAINING TFET-BASED
MEMORY DEVICE

Figure 12.1 illustrates the flow chart for explaining TFET-based memory device
[24]. In this chapter, TFET-based memory design will be addressed step-by-step in
order to design ultra-low power memory device. Since the memory device has more
complex structure compared to simple transistor (eg. MOSFET, TFET), this chapter
will start from the physical structure of memory cell, and then explain the operation
principle of memory device. Thereafter, finally, we discuss how to utilize TFET
for memory design and some advantages of utilizing it.

s N
Basic Structure of Memory Cell
(SONOS - Si/5i0,/Si;N,/Si0,/Si)

. J
4 N
Operation Principles
of Memory Cell

L (Program / Erase / Read)

Utilizing TFET for memory
R 20
;| Low Power Fast :
;[ Consumption Erase Speed |:

s Advantages

........................................

Future of TFET-based
Memory Cell Design

FIGURE 12.1 Flow chart with step-by-step approach to TFET-based memory cell.
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12.3 BASIC STRUCTURE OF MEMORY CELL: SONOS STRUCTURE

In the previous chapters, the structure of metal-oxide-semiconductor field-effect
transistor (MOSFET) and TFET have been explained. Compared to logic device
(MOSFET, TFET), memory device has some additional oxide layers. For ex-
ample, as shown in Figure 12.2, recent MOSFET (up-left) has the structure of
Gate (metal) — gate dielectric (oxide) — channel (Si). Therefore, we can say the
MOSFET has three layers (literally, Metal-Oxide-Silicon three layers, “MOS”
in MOSFET).

On the other hand, memory cell basically has 5 layers, as shown in down side of
Figure 12.2. The most representative memory structure is explained by “SONOS”
structure with “Gate (poly-si) — blocking oxide (SiO,) — charge trapping layer
(SizNy) - tunneling oxide (SiO,) — channel (Si)”. This “SONOS” structure was
named after its materials poly-Si/Si0,/Si3N4/Si0,/Si (= S/O/N/O/S).

Namely, MOSFET has three basic layers, and MOSFET-based memory cell
has 5 basic layers with SONOS structure. Therefore, fabrication of memory cell is
a little bit complicated compared to logic device (MOSFET, TFET), and under-
standing operation principle of memory cell is a little bit harder. However, fortu-
nately, the structure of memory cell could be easily understood, if the readers
already understand the operation principle of MOSFET.
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FIGURE 12.2 Schematic diagram illustrating the structure of MOSFET (up-left)/TFET
(up-right)/MOSFET-based memory cell (down-left)/TFET-based memory cell (down-right).
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12.4 OPERATION PRINCIPLE OF SONOS MEMORY STRUCTURE:
PROGRAM/ERASE/READ

A memory cell has three types of operation (Program/Erase/Read) [Figure 12.3].
For example, as shown in left side of Figure 12.4, when there are lots of electron in
charge trapping layer (CTL), we say “this memory cell is programmed”. On the
other hand, as shown in right side of Figure 12.4, when there is no electron in
charge trapping layer (CTL), we usually say “this memory cell is erased”. Namely,
the binary information (0 or 1) is stored/erased through electrons.

Let’s take a look further. When we want to program the memory cell (store
electrons in CTL), we usually apply high voltage (16 ~ 20 V) to the gate. Then,
electrons move from silicon channel to CTL (This electron movement through
oxide is called ‘fowler nordheim (FN) tunneling’. If readers want to know more
about this FN Tunneling, please kindly read another research after reading this
chapter [25]). Then, electrons are trapped in CTL, and no longer move to gate,
because the oxide layer (SiO,, blocking oxide) between CTL and gate is really

16~20 V -18~23 V
ov = ov ov 2 ov
elegtrons are‘ GTL eledqfrons gre CTL
stored in GTL removell from CTQ
|
000 v
N+ N+ N+ 'Y ) N+
Silicon Channel Silicon Channel
Program Operation Erase Operation
(store electrons) (remove electrons)

FIGURE 12.3 Program operation (left) and erase operation (right) in the memory cell.
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e e €
N+ N+ Ne | & oS e N+
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Programmed memory cell Erased memory cell

FIGURE 12.4 Schematic diagrams of programmed memory cell (left) and erased memory
cell (right).
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FIGURE 12.5 Method of determining whether certain cell is previously programmed
or erased.

thick (~10 nm). Finally, CTL in the memory cell contains tons of electrons, and it
is successfully programmed.

In contrast, when we want to erase the memory cell (remove electrons in CTL),
we usually apply extreme negative voltage (—18 ~ —23 V) to the gate [26-28]. Then,
electrons rather move from CTL to channel, due to electric field. After some erase
operation with 40 ~ 400 ns, the memory cell is successfully erased.

Now, let’s move on read operation. In read operation, the memory cell is ana-
lyzed with transfer characteristics. Specifically, by applying drain voltage (1 V) and
gate voltage (from 0 V to 1V), the drain current is analyzed. By this read operation,
we can determine whether the memory cell contains electrons or not. When elec-
trons were previously stored (when memory cell was previously programmed),
lower drain current might flow. This is because the electrons in CTL hinder the
electric field caused by gate voltage (1 V). On the other hand, when electrons were
previously removed (when memory cell was previously erased), higher drain cur-
rent might flow. This is because the device operates without any hindrance from
trapped electrons in CTL.

In sum, Figure 12.5 explains how to perform read operation and know whether
the certain memory cell was previously programmed (1) or not (0). The pro-
grammed memory cell might have lower drain current, whereas the erased
memory cell might have higher drain current. By comparing drain current to
certain value, we can conclude the previous state of memory cell (1 = pro-
grammed or 0 = erased).

12.5 UTILIZING TFET FOR MEMORY DEVICE: TFET-BASED
MEMORY FOR LOW POWER APPLICATION

In previous section, the basic operation of memory cell is explained, based on
conventional MOSFET-based memory cell. In this section, TFET-based memory
device will be discussed. Figure 12.6 shows the structure of TFET and TFET-based
memory cell. Similar to MOSFET-based memory cell [Figure 12.2], TFET-based
memory cell has 5 basic layers with SONOS structure as well.
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FIGURE 12.6 Schematic diagram illustrating basic structure of MOSFET-based memory
cell (left) and TFET-based memory cell (right).

TABLE 12.1

Comparison Between MOSFET-Based Memory Cell and TFET-Based
Memory Cell, in Terms of Power Consumption (Under Gate Voltage = Drain
Voltage = 1 V) [29-34]

MOSFET-based TFET-based
memory cell memory cell

Power (While reading programmed cell) 10,000 ~ 100,000 fW 1~10fW
Power (While reading erased cell) 10,000 ~ 100,000 nW 10 ~ 100 nW

The program/erase operation of TFET-based memory cell is same with MOSFET-
based memory cell. By applying high/low gate bias, the electrons are stored/removed
in CTL, and the TFET-based memory cell is programmed/erased.

However, regarding read operation, TFET-based memory cell is different from
MOSFET-based memory cell. Since TFET basically drives current by band-to-band
tunneling (BTBT), different amount of current will flow in TFET-based memory cell,
compared to MOSFET-based memory cell. Therefore, different amount of power
might be consumed in MOSFET-based memory cell and TFET-based memory cell.

These values have remarkable meaning, especially for low-power applications.
Table 12.1 summarizes the comparison between MOSFET-based memory cell and
TFET-based memory cell. TFET-based memory cell usually shows 100 times lower
on-current, and 1000 times lower off-current, so that significant power consumption
could be saved. Therefore, this TFET-based memory cell structure is expected to be
very strategic for future low-power applications, such as apple-watch, smart-watch,
wearable device, smart phone, laptop computers.

12.6 ADDITIONAL ADVANTAGE OF TFET-BASED MEMORY
DEVICE: FAST ERASE SPEED

In previous section, it has been discussed that TFET-based memory device has a
cutting-edge advantage with 1/100 ~ 1/1000 lower power consumption. On top of
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that, TFET-based memory device has another advantage regarding erase speed
[24]. Most readers might be familiar with this erase operation. For example, when
we delete some documents in our PC or delete some music files in our smart
phone, the semiconductor performs erase operation so that electrons in CTL of
memory cell are removed. In this erase operation, TFET-based memory cell has
remarkable advantage as well [24]. Especially, TFET-based memory cell has
roughly 10,000 times higher erase speed, compared to conventional MOSFET-
based memory cell [24].

Figure 12.7 shows schematic diagram of TFET-based memory cell, which is
proposed by previous researcher [24]. In this structure [Figure 12.7], S/O/N/O
stacks are located over the source so that off-current could be reduced (technically,
for suppressing ambipolar current [24]).

Figure 12.8 describes the program/erase pulse for program/erase operation [24].
For analysis of programming, 16 V is applied to gate, and for analysis of erasing,
—16 ~ =20 V is applied to gate [24]. As shown in Figure 12.9, regarding program
speed, TFET-based memory cell has three times “lower” program speed, compared
to the conventional MOSFET-based memory cell [24]. This is because, TFET-
based memory cell is provided with electrons from only one side (n-type drain),
whereas MOSFET-based memory cell is provided with electrons from two sides
(n-type drain, n-type source) [24]. Because of this structure difference, TFET-based
MOSFET has three times lower program speed.

Meanwhile, a TFET-based memory cell has 10,000 times faster program speed,
compared to conventional MOSFET-based memory cell [24]. As shown in
Figure 12.10, with broad range of erase voltage (Vgrs), TFET-based memory cell
has excellent erase speed, compared to MOSFET-based memory cell [24]. This is
because TFET-based memory cell has hole-supplier (p-type source), whereas
conventional MOSFET-based memory cell doesn’t have it [Figure 12.11] [24].
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FIGURE 12.7 Schematic diagram explaining TFET-
based memory cell.
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source overlap

FIGURE 12.11 Dual supplement achieved by the structure of TFET. (especially, hole could
be abundantly gained from source, and electron could be significantly gained from drain).

Namely, since TFET-based memory cell has different types of doping in source
and drain, it can be either sufficiently provided with electrons and holes, at the same
time. On the other hand, since conventional MOSFET-based memory cell has
same types of doping in source and drain, unfortunately, conventional MOSFET-
based memory cell might have problem of electron-supply or hole-supply. In this
sense, the previous researchers have demonstrated that TFET-based memory cell
has 10,000 times fast erase speed and three times lower program speed [24].

12.7 FUTURE OF TFET-BASED MEMORY CELL DESIGN:
OPPORTUNITIES & CHALLENGES

So far, we have discussed design methodology by utilizing TFET for memory cell.
It is clear and widely accepted that TFET-based memory cell is a promising can-
didate for future memory-semiconductor design. Especially, it has power advantage
and erase speed at the same time, so that it might enable future wearable and
portable devices with ultra-low battery consumption.

However, TFET-based memory design also has some challenges as well. For
example, since TFET-based memory cell has different doping type in source
and drain, more fabrication step is required for producing TFET-based memory.
To be specific, compared to fabricating conventional MOSFET-based memory cell,
TFET-based memory cell requires 5 more fabrication steps for one more doping
(PR deposition — photolithography — PR removal — ion implantation (doping) —
mask removal). Therefore, semiconductor designer should consider not only the
performance boosting from TFET-based memory, but also increase in fabrication-
cost. It is desirable to optimize this trade-off issue for TFET-based memory design,
and we believe that future engineers could wisely optimize this trade-off relation-
ship and make further improvements.

12.8 CONCLUSION

In this chapter, the step-by-step explanation has been carefully done for intuitive
understanding. TFET-based memory cell has basically same structure (SONOS),
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compared to the conventional MOSFET-based memory. However, TFET-based
memory cell has different type of dopant in source and drain, so that lower current
could flow during operation. As a result, low power consumption could be achieved
by this TFET-based memory cell. In addition, TFET-based memory cell has 10,000
times faster erase speed, so that data-erase-operation in PC or smart phone could
be efficiently done. This TFET-based memory cell is expected to be very strategic
for future semiconductor design with ultra-low power consumption.
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13.1 INTRODUCTION

Following the recent trends in semiconductor industries, low-power applications
are the need as the devices are scaling down. Conventional MOSFET devices are
prone to short-channel effects at sub-micron regions, and their use is limited; hence
industries are moving towards other compatible devices. One of the most critical
areas is nonvolatile memories, which need to be fast for faster and low-power
operation. Due to the “Boltzman tyranny” [1], the subthreshold slope of conven-
tional MOSFET limits to 60 mV / decade [2]. Tunnel field effect transistors, by far,
are the most promising devices for nonvolatile memories owing to their better
performance in the subthreshold region. The use of TFET having steep switching
characteristics (SS < 60 mV/decade at 300 K) can provide superior performance, as
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shown in Figure 13.1. This peculiar property of TFET helps us to scale down the
power supply (Vpp) very aggressively, resulting in low power operation [2—-10].

Quantum mechanical devices like Tunnel FET having band-to-band tunneling
as transport phenomenon results in limited current. Unlike conventional, where the
drift-diffusion phenomenon is responsible for the transportation of carriers, TFET
optimizes the transport factor ‘n’ by using the tunneling transport phenomenon,
which is temperature independent. TFET has an n+ source and p* drain and an
intrinsic region between them forming n*"i-p** as shown in Figure 13.2 (n tunnel
FET). In the ON state, the current in tunnel devices is due to transport charges.
In the ON state, the energy band alignment is such that it offers a minimum tunnel
window for charge carriers [8—10].

Another emerging device is FeFET which integrates ferroelectric material inside
FET’s gate stack, which results in negative capacitance behavior. Figure 13.3 shows
the structure of FeFET.

A steeper subthreshold slope exists in Negative capacitance in FeFET. As a
result, vertical switching and a higher current ratio (Ion/logr) are the net results.
The interaction of the negative capacitance of the ferroelectric layer with the
positive capacitance underneath, properties of FeFET. The negative capacitance in
FeFET arises due to the relation between the electric field (E) and polarization (P)
of the ferroelectric material used. This interaction model is by the Landau-
Khalatnikov equation (13.1).

E =« P+ fP3+yP° + K,dP/dt. (13.1)

Vg

Drain Gate Source

Vo Vs
i +
FIGURE 13.2 Tunnel FET. oL i g
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where a,B, and y are static coefficients, and K, is the kinetic coefficient.

For K, <0, there is a hysteresis in P-E characteristics shown below in Figure 13.4.
The design of steep switching FeFETs to work in the negative capacitance region
in the plot where the slope is negative.

This chapter uses an approach to the properties of FETs mentioned above to
model a nonvolatile memory.

13.2 WORKFLOW AND SCOPE
13.2.1 WOoORrkFLOW

TFET and FeFET emerged as one of the most promising devices in-memory appli-
cations. Nonvolatile memories on TFET and FeFET due to their robustness. For this
chapter, we came across many techniques related to realizing these memories for low-
power applications. Before using these types of memories, MOSFET-based SRAM
cells existed, but the limitation of MOSFET is sub-threshold slope hindered their
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performance. MOSFET provides a weak sub-threshold slope, a major limiting factor
for using MOSFET in the SRAM-based memory cells. With the introduction of the
intrinsic junction instead of a doped junction and better insight into the sub-threshold
region. The sub-threshold slope can be highly reduced (SS<60mV/decade at 300 K)
with the introduction of TFET devices which in turn help in high-speed switching
characteristics hence helping in the reduction of the access time in the SRAM cell [1].

The Ferroelectric material between the channel and gate gives us the negative
capacitance domain in the FET, which also helps us reduce the sub-threshold slope.
Although TFET and FeFET materials physics were too complicated to be applied
to the FET devices, later the limitations, and now they are one of the materials to
use for memories. Most researchers are using T-CAD models to simulate the
new structures and make these devices more reliable, which is still going on. In the
future, the technology may depend entirely on the TFET and FeFET memories [11].
Many TCAD simulations implement different device-related memory versions,
which are helpful in-memory applications and decrease the memory area and power
of the memories [11]. TCAD models introduce to cope with the ever-increasing
need for memories such as FeFET memories, TFET memories, etc.

13.2.2 ScorE

The scope of the ferroelectric memories is very vast as these memories provide
a superior behavior in terms of area and power compared to other substitutes. Still,
work is going on to perfect these memories. Ferroelectric-gate field effect transis-
tors (FeFET) show excellent features as an integrated memory. Research works
in [5,6,12,13] cover scalability, nonvolatile behavior, read-write speed, and higher
temperature resistances. Even though FeFET has numerous advantages, memory
retention time is still a significant concern in making it a practical device. In a
Metal ferroelectric insulator semiconductor (MFIS) gate device, an insulator layer
between the silicon and ferroelectric layers. Due to this arrangement, the interface
damages occurring during the device’s fabrication can restricts. Numerous ex-
perimental studies show charges trapped at the metal-ferroelectric and insulator-
silicon junction. It causes the degradation of effective dielectric polarization and
ultimately reduces the memory retention of the device. One way to increase the
capacitive retention of the device is by improving the quality of the ferroelectric
layer and interface, which achieves by treating it with thermal annealing and
nitrogen radical. Moreover, much work has been done on MFIS FETs to improve
their memory retention so that the devices can be practically realizable. These
introductions to the FeFET devices are beneficial in applying nonvolatile memories.
Ferroelectric memories implemented on conventional MOSFET have attracted
considerable attention for low-power nonvolatile memory applications, which may be
helpful in upcoming times. Having superior features such as scalability, nonvolatility,
and power-efficient switching readout is an overpowering feature of FeFET memories.
They are highly distinguishable in two sectors as compared to memories, such as spin-
based memories. They have high persistence compared to resistive RAMs, flash
memories, and phase change memories. Based on the above reasons, it is an outstanding
candidate for future memory technologies and nonvolatile memory applications.
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13.3 ROADMAP FOR FUTURE MEMORY TECHNOLOGY FOR
LOW POWER OPERATION

In recent years, the chip area has become a significant concern, along with the
device’s speed. The memories in the system need to be small in space and faster.
One of the emerging areas in the respective field is ferroelectric memories, which
are also faster (due to steep subthreshold slope) and precise. In recent years various
concepts have emerged for memories shown in Figure 13.5.

The FeFET described by MISFET has ferroelectric oxide instead of SiOy, SiON,
or HfO, insulator. MSFET, which has epitaxial contact between ferroelectric to
the semiconductor channel, in MFISFET, uses a buffer layer. With the floating gate
between buffer and ferroelectric, MFMISFET obtains similar properties compared
to other ferroelectric devices. Suppose the gate provides a sufficiently high voltage
pulse in the FeFET, and the direction of polarization of ferroelectric material
changes from inversion of the channel to accumulation mode, which results in a
shift in the threshold voltage V- that allows a read operation that is non-destructive
in the memory [14]. There are some constraints in material and device requirements
to make FeFET reliable and scalable. The main Vr shift in FeFET, as mentioned
earlier, is the memory window. It determines through the voltage V< which is the
coercive voltage of the ferroelectric layer rather than the remnant polarization
P, [15-18]. It imposes a middle course between scaling and memory window.
The dependence of coercive voltage on coercive field Ec and thickness dgg of
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FIGURE 13.5 Taxonomy of various memory devices.
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ferroelectric is the main factor that comes to mind for using FE. It is difficult for
the commonly used perovskite-based FeFETSs to scale down below 180nm because
of thickness scaling and low Ec [19-26]. It hinders maintaining a reasonable
memory window. For an affordable memory window, the thickness of the ferro-
electric material should increase. FeFET issue rectifies by a highly coercive field
and scalable Fe-HFO, [12]. HKMG technology is to scale down to 28nm, which
was compatible with the CMOS technology and used for high-volume production.
The technology mentioned above helps make the embedded memory have less
mask count than the embedded flash memories.

Another essential property of the gate stack FeFET is its intrinsic capacitive
voltage divider. The divided capacitive voltage results in a voltage drop in the
Ferroelectric material and the nearby inherent regions. Because Of this action, there is
a depolarization (inbuilt) field inside the FE material even in the no-bias condition,
which opposes the applied electric field and ultimately results in the retention loss
in standby mode and gate voltage distribution during a write operation. Rectification
increases the insulator’s capacitance as large as possible and ferroelectric capacitance
as low as possible.

The ferroelectric tunnel junction is a design in which asymmetric electrodes
interpose an ultra-thin ferroelectric film. It displays resistive switching, which
is polarized and induced through a nonvolatile modulation of barrier height. The
barrier height modifies the tunneling current, which is exponential, through which
the orientation of the ferroelectric dipole for low or high resistance in ferro-
electric tunnel junctions. The high or low resistance can read non-destructively,
resulting in an electroresistance effect in ferroelectric tunnel junctions. It provides
a 10 to 100 between HRS and LRS, which seems very good [27].

Further research shows a high tunneling electroresistance with ferroelectric
tunnel junctions based on super tetragonal BiFeOs;. Another work is on the
BaTiOj; tunnel barrier, where one metal electrode replaces with a semiconducting
electrode [28]. This new junction’s design gives us variability in tunnel junction
height and variable space charge regions in semiconductors and modifies barrier
width.

These strategies mentioned above are helpful in the ferroelectric junctions where
either the ferroelectric barrier with large polarization (BiFeOs) is used or an elec-
trode material of semiconductor nature that modulates the barrier height width
through field-induced carrier depletion [28]. Although these ferroelectric tunnel
junction memories seem very good, they are at a very early development stage
and perovskite-based ferroelectrics for FeFET.

13.4 BASIC DESIGN GOALS IN FUTURE MEMORY DESIGN

e The future holds some new techniques related to FeFET.

* Electron detrapping method to enhance performance

* 1T nonvolatile memories.

* Digital coding states in memories by changing the polarization of FE
material is already used nowadays in ferroelectric random access memory,
which is capacitor-based.
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But the identification of the memory state mainly depends upon the overall
polarization charge stored in the capacitance-based ferroelectric material present
in the gate stack configuration, which requires a destructive read operation.
Alternatively, concepts such as FIT and FeFET allow nonharmful detection in the
memory states and increase cell scalability. But their limitation of the FeFET
between endurance and retention trade-off. HFO, FE has been demonstrated in
some literature, giving an endurance range of 1012 switching cycles with ten years
of retention data limit. Another concept is Ferroelectric tunnel junctions composed
of Ferroelectric ultrathin film sandwiched by asymmetric electrodes. This polar-
ization induces a resistive switching through a nonvolatile modulation barrier
height—the non-destructive operation through orientation of Ferroelectric dipole
codes a very low or high resistance path. The FJT-based structure may have a
retention time of greater than ten years and endurance of 10'* cycles. The memories
based on FJT are at a very early development stage, and still, the research is more
focused on perovskite-based Ferroelectric. Moreover, for achieving the complex
electrode ferroelectric system through perovskite based on the FJIT concept, which
relies on the throughput and CMOS compatible large substrates epitaxial growth
techniques. If CMOS compatibility and thickness scalability of HfO,-based
Ferroelectric, then the FJT memories show considerable potential for the future.

The limitations in the VLSI industry lead to the use of memories based on
DG MOSFET, FinFET, and GAA MOSFETs. Researchers are still working on
multigate MOSFET structures for potential NVM applications (Nonvolatile
Memories). SONOS (Si-Oxide-Nitride-Si) was the first for research in NVM for
advanced MOSFET structures [14,19,28-37]. NVM based on TaN/AI205/HfO,
stack-based GAA nanowire structures were also reported earlier. One of the
most conclusive works is from gate dielectric GAA Si Nanowire MOSFET,
which embeds an nc-Si in GAA and has a superior performance concerning
Nonvolatile memories. Other advancements such as GAA VNWFET (Gate All
Around Vertical Nanowire Field Effect Transistors) emerged as suitable
replacements for the conventional structures used for Nonvolatile memories.
Due to the problem faced during the scaling of the flash memories beyond 22nm,
GAA VNFET can be a possible replacement due to the crossbar arrangements
leading to a high density [27,28].

These structures provide high current driving capability and scalability and are
more feasible than other structures. The use of GAA VNFET as an access element
in Nonvolatile memories is beneficial due to the device’s high ION/IOFF ratio.
Hence, access transistors with a minimal voltage and the access time are tiny, giving
a far better result in the case of memories.

13.5 BASIC STRUCTURE OF MEMORY CELL

The use of portable devices in the modern world requires large battery life. The
previously large hardware required a lot of energy to be driven. The RAM cell,
which is one of the hardware architecture’s main parts, needs to be small in size and
drive much less power. SRAM cells retain the content present as long the power is
ON. As SRAM prefers DRAM, it is a major contributor to the area consumption,
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but the major concern for using the SRAM cells (CMOS Technology) is that due to
scaling down the devices, the devices are more prone to leakages. Memory archi-
tecture uses a large number of transistors. The overall power reduces if there’s a
power reduction in the SRAM cell. Due to its simple design, the six transistor (6T)
SRAM cell uses a memory cell. The delay and power of the 6T SRAM cell are
also in balance. TFET is highly interested in its potential for steep subthreshold
slope device operation. Due to this property, it is one of the most promising can-
didates for use in SRAM cells. In Figure 13.6, a TFET based 6T-SRAM cell is
shown [9,10,38—-44].

In the TFET based 6T SRAM cell, it includes inverter INV-1 (inverter 1) and
INV-2 (inverter 2), which is in cross-coupling and access transistors M1 (NMOS)
and M2 (NMOS). INV-1 has transistor M3, a pull-up transistor, and transistor M4
a pull-down transistor coupled to a positive voltage supply node Vpp and Vg, the
reference voltage. The second inverter also has a pull-up transistor M5 coupled to
a supply voltage of Vpp and a pull-down transistor M6 related to reference supply
Vs. The INV-1 output is connected to the INV-2 input and vice-versa. These nodes
from the result define Q and QB of the bit cell.

Node Q, a storage node, is coupled to the first bit line BL through M1 as an
access transistor. Storage node Q connects to second-bit line BLB through second
access transistor M2, where BL and BLB are complementary. Write line WL in bit
cell control the access transistor M1 and M2 through the control signal. M1 and
M2 access transistors configure to be in one direction only. When M1 is conducting,
it allows the flow of current only from bit line BL to the first storage node Q and
prevents current flow from storage node Q to bit line BL. If M2 is conducting, it
only allows the flow of current from storage node Q to the bit line BLB and pre-
vents current flow from storage node Q to the second line BLB. Thus we can say
that in TFET, M1 uses in access configuration, which is inward & M2 in access
configuration, which is outward.
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13.6 PHYSICAL PRINCIPLE OF MEMORY CELL: PROGRAM/ERASE/
READ OPERATION

13.6.1 ReAD OPERATION

In the SRAM cell, an access transistor M1 performs the read operation, which allows
higher RNM. First, the bit lines BLB and BL are precharged to Vpp. Then ‘17 is
asserted to the write line WL to make the transistor M1 and M2 in enable mode. If bit
‘0’ stores at node Q, then the bit line BL discharges through the access transistor
M1 by producing a conducting path through transistors M1 and M4. Hence voltage
(Vpp) at bit line BL is through M1 and M4. The sense amplifier senses the change and
generates a signal indicating ‘0’ stores in the SRAM bit cell. The bit line remains
precharged to Vpp. If the node at Q is at ‘1°, there is no need for charging or dis-
charging. Figure 13.7 shows the read operation of the bit cell. A better read noise
margin is due to the transistors M1 and M4; the M4 transistor is stronger than M1,
obtained by increasing the width of transistor M4. The read operation depicts in
Figure 13.7, where the conducting path to process more efficiently.

13.6.2 WRITE OPERATION

The write operation performs through M1 or M2 transistors depending on which
data write on the bit cell. For writing ‘1’ on node Q, which previously contained ‘0’,
the bit line BLB and BL are charged to Vpp. The write line WL gives ‘1’ to enable
the transistors M1 and M2. Simultaneously control logic sends a very minute
positive voltage pulse to the Vgg node such that its magnitude is more significant
than Vgg but less than Vpp. It reduces the gain of M4 temporarily. The QB node of
inverter INV1 has ‘1’ as stored. Here M4 remains conducting, but node Q of the
first inverter raises above ‘0’ for a short time. It reduces the positive feedback from
INV-1 to INV-2 for writing ‘1’. The small voltage pulse given to Vgg makes it more
convenient to write ‘1’ at node Q as there is no direct access for the ground to node
Q through M4. The node Q charge reaches the second inverter’s trip point, and
node QB becomes ‘0’. The voltage at Vgg can decrease to the same ground,

BLB

FIGURE 13.7 Read operation of 6T SRAM cell.
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BLB

FIGURE 13.8 Write operation of 6T SRAM cell.

boosting positive feedback from INV1 to INV2 to maintain the new stored infor-
mation on Q & QB for the SRAM cell. ‘1’ is written through the M1 transistor.
Though transistor M2 is also on, the voltage at BLB does not hinder the voltage
at node Q or QB because the transistors make in such a way that they do outward
conduction, and BLB is at Vpp. With these two conditions’ help, node Q’s dis-
charging can be stopped during the write ‘1’ operation. For flipping the bit content
from ‘1’ to ‘0’, both BL and BLB are discharged to the ground. WL signal sets to
‘1’ through control logic. The 6T SRAM bit cell’s write operation is depicted in
Figure 13.8.

13.7 DESIGN OPTIMIZATION WITH STEEP SUBTHRESHOLD
SWING TRANSISTOR

Although the design of the previously discussed TFET-based SRAM cell is better
than the conventional SRAM cells, there are also some limitations to TFET-based
cell design. In this section, we will cover the regulations of TFET-based cell design
and see what optimizations are in the literature.

13.7.1 FORWARD P-I-N CURRENT

The asymmetric and uncontrollable characteristic of current in TFET is a significant
concern. Researchers have shown this effect using transmission gates [1]. If we talk
about TFET-based transmission gates, the transistors cannot remove by the input
and gate voltage, as shown in Figure 13.9. Even when C is ‘0’, the p-i-n forward
current still affects the TG,,, voltage. The transmission gate suffers from the for-
ward current limitation; thus, the SRAM cell containing transmission gate structure
suffers from it. This problem discusses using the 6T SRAM cell. When the 6T-OA
SRAM array goes into writing or read mode and node QB of an adjacent non-
accessing cell is ‘0’, the BLB is high, and the right AT (access transistor) generates
forward p-i-n current though the WL is 0. It reduces the stability of the SRAM bit
cell. Also, the HSNM (hold static noise margin) suffers, as shown in Figure 13.10.
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FIGURE 13.9 (a) MOSFET transmission Gate, (b) TFET transmission Gate, and (c) simu-
lation of both [1].

The forward current does not only reduce HSNM, but due to the leakage current,
it also increases static power dissipation, which generates by AT (access transistor),
as shown in Figure 13.10b. Lastly, the bit line BL discharging may occur due to
the p-i-n forward current, which can increase the read time and may also cause an
error in reading the data stored at the node shown in Figure 13.10c. The above-
discussed problem is encountered by making some changes in the SRAM cell. The
authors have proposed that the p-i-n forward current eliminates the forward bias
voltage effectively.

Hence a pro-11T cell is shown in Figure 13.11, which eliminates the write and read
path forward bias voltage. For writing ‘1°, the PTFET transistors AT4 and ATS5 are
connected in series. For writing ‘0’, two NTFET transistors AT6 and AT7, are strings
connected, such that the source of AT6 and drain of AT7 connects to ground and Q,
respectively. For improving the write ‘1’ ability, an NL2 transistor employs. The use
of additional transistors increases the Hold Static Noise Margin (HSNM) and Read
Static Noise Margin (RSNM). For writing ‘1°, operations AT4 and AT5 are ON. The
NL2 transistor interrupts the latch state, due to which the Q voltage pulls up through
AT4 and ATS, and the write ‘1’ capability is notably enhanced. For the write ‘0’
function, AT6 and AT7 are ON, and the Q node discharges through these transistors.

13.7.2 Low Current OF TFET

Another issue listed in the literature is the delay in the SRAM standard cell due
to the low ON-current of some of the TFETs used. The issue of insufficient ON-
current can mitigate by some of the device perspective changes, such as:

* Decreasing the adequate gate oxide thickness
* Changing the abruptness of the source-channel doping profile
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» Using a double-gate control mechanism
* Using high-k gate oxide
* Increasing the tunnel area

The problem mentioned was eliminated from a circuit perspective. The use of
hybrid circuits can be a possible solution [1]. A MOSFET in the read path might
enhance the speed of an SRAM bit cell. MOSFET introduces the leakage in way by
using a control signal. A comparison of a TFET-based and hybrid-based SRAM
cell shows a decrease in the delay of the SRAM cell.

13.8 CONCLUSION

In this chapter, we explored TFET and FeFET-based nonvolatile memories. We
have seen the drawbacks of the conventional memories and how the tunnel
transistor and FeFET overcome the limitations of the traditional devices and
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FIGURE 13.11 Pro 11-T SRAM cell [1].

design methodologies. We have also seen various problems associated with
the TFET and how to overcome these problems. Given a brief overview of the
future aspects of nonvolatile memories. An SRAM cell using TFET shows in this
chapter. Through rigorously done research, the advantage of using TFET and
FeFET and the disadvantages, such as the forward p-i-n current of TFET, which
is asymmetric and uncontrollable. As present in the literature, the HSNM of
TFET-based SRAM cells also discusses a significant concern for the memories
based on TFET. We have also discussed above the ferroelectric tunnel junctions
and how they are helpful in the making of FeFET. Researchers are further
working with the ferroelectric tunnel junctions, which will be very helpful in
making reliable FeFET-based SRAM cells.
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14.1 INTRODUCTION

TFET has a SS of less than 60 mV/dec at room temperature. Because the current
transmission in TFET is on Band-to-band-tunnelling (BTBT), it has a lower leakage
current than planar CMOS. Consequently, low power and low voltage operation of
ICs is possible using TFET [1,2]. The low voltage and low power operation of
TFET allow for applications like the Internet of Things (IoT), portable electronics,
etc. Also, BTBT provides a low-temperature variation on TFET’s characteristics
[3,4]. This property of low-temperature variation will be helpful for its use in ap-
plications where temperature variation is of great concern, e.g., satellite commu-
nication, military, medical sector, aerospace, etc. However, the problem of lower
ON current is associated with TFET [5-9]. The TFET model used here is the 20 nm
planar InAs double gate Verilog-A SPICE model [10-12]. There are many other
models of TFET available in the literature [13-15].

Active filters are the most commonly used in many signal processing applica-
tions, communication circuits, biomedical circuits, instrumentation, control systems
like FM demodulators, PLLs, touch-tone telephone systems, speaker systems, etc.
Because they consume much lower power than passive filters, active filters prefer
different ICs. Voltage mode Multi-Input Single-Output (MISO) active filters are
most common in different ICs. The option of having all the filter responses from
a single topology makes them versatile and flexible for IC implementation. The
Current Mode (CM) functional building blocks are extensively used to implement
universal filters as they provide a higher linearity range, dynamic range, Bandwidth
(BW), and low power consumption. There are various active filters implemented
using different building blocks. Like Voltage Differencing Transconductance
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Amplifier (VDTA), Voltage Differencing Differential Amplifier (VDDA), Voltage
Differencing Buffered Amplifier (VDBA), Second-Generation Current Conveyor
(CCII), Operational Transconductance Amplifier (OTA), Fully Differential Second-
Generation Current Conveyor (FDCCII), Differential Voltage Current Conveyor
(DVCC), Differential Difference Current Conveyor (DDCC), Current Differencing
Transconductance Amplifier (CDTA), etc. [16-25].

This chapter implements a TFET-based DO-CCII and its application, i.e., a
universal bi-quadratic filter. The circuits were analyzed using HSPICE simulations,
providing low power and low voltage operation. The courses are free from physical
resistors and use voltage-controlled TFETs. The capacitance values are also of
the order of pF, which can easily implement in ICs. Therefore, circuits can integrate
into any IC. The temperature variation analysis is also done on the courses from
—50°C to 150°C. The temperature analysis shows a negligible effect of temperature
variation on the circuits’ performance.

The other sections of this chapter are as follows:

The overview of TFET and DO-CCII discusses in Sections 14.2 and 14.3.
Section 14.3 also presents the performance-related aspects of DO-CCII and tem-
perature variation analysis. The performance investigation of the voltage mode
MISO Universal Biquadratic Filter is done in Section 14.4 using HSPICE, followed
by conclusions drawn in Section 14.5.

14.2 OVERVIEW OF TFET

TFET is a beyond CMOS technology introduced to minimize the Short Channel
Effects (SCEs) like Gate Induced Drain Leakage (GIDL), Drain Induced Barrier
Lowering (DIBL), etc., which are the main hurdles in CMOS to follow Moore’s
law in the nanotechnology regime. Also, TFET provides low power and low voltage
operation of ICs as it uses BTBT as a conduction mechanism. The low power and
low voltage operation of TFET allow applications like the Internet of Things (IoT),
portable electronics, etc. BTBT conduction mechanism provides low leakage;
thereby, low and low power operation is possible [1,2]. Also, the BTBT mechanism
is less affected by temperature variation. Therefore, TFET-based circuits are less
affected by temperature variation [3,4]. This property of low-temperature variation
will be helpful for its use in applications where temperature variation is of great
concern, e.g., satellite communication, military, medical sector, aerospace, etc. The
TFET is a new technology. Hence, its SPICE models are not mature enough. Most
of them are based on Verilog-A [10,11,26,27]. This chapter shows a Verilog-A-
based 20 nm double gate InAs TFET model. Its schematic is in Figure 14.1a. Here
gmVgs is modeling the drain current, and Cgs and Cgp are modeling the capaci-
tance effect. Figure 14.1b shows the cross-section of the TFET used in this chapter.
Here it has three terminals, namely Drain, Gate, and Source. The Gate terminal uses
the governing terminal like CMOS. Therefore, TFET is compatible with the CMOS
process [12].

TFET provides various advantages over planar CMOS in temperature constant
low voltage and low power applications [28,29]. In TFET, the I,y is mainly due to
BTBT and has a smaller Subthreshold Slope (SS). The steep SS characteristics
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section of an n-channel TFET [12].
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FIGURE 14.2 [p—Vs characteristics of (a) CMOS and (b) TFET for varying temperatures.

of TFET make its gm/Ip much more prominent in the subthreshold region.
Therefore, TFET provides low voltage and low power for low-frequency applica-
tions. The BTBT mechanism’s temperature dependence is negligible. Thus, TFET
shows low-temperature support for its characteristics, as shown in Figure 14.2.
Also, TFET has little effect on channel length modulation as it does not have a p-n
connection. Because of this, TFET has an exceptionally high r,. This high ry and
high gm in the subthreshold region offer higher gain (gmry).

14.3 PERFORMANCE INVESTIGATION OF DO-CCII

A Dual Output Second Generation Current Conveyor (DO-CCII) is a CM functional
building block. It provides various advantages over Op-Amp, like a higher linearity
range, dynamic range, BW, and low power consumption. It consists of four ports,



254 Tunneling Field Effect Transistors

(a) I, I,
Vy ——— | Y 7+ |— — Vz+
TFET
based
DO-CCII
Ix Iz
Vx —————————» X Z- i VZ-

E

G

b

FIGURE 14.3 (a) Symbol and (b) transistor-level diagram of TFET-based DO-CCII.

namely X, Y, Z+, and Z—, respectively. The symbolic representation and its
transistor-level schematic are shown in Figures 14.3a and 14.3b, respectively.
The following equation gives the relationship among various ports of the DO-CCIL

Iy 0 0 o]l W
Vs l=]1 0 0f]| K (14.1)
IZ: 0«10 VZ:

where
Iy is the input current at the Y terminal,
Vx is the voltage at the X terminal, and
1. is the output currents at the Z+ ports,
Vy is the input voltage at the Y terminal,
Ix is the input current at the X terminal, and
V. is the voltages at Z+ ports, respectively.

All the TFETs used in the DO-CCII have lengths equal to 20 nm and widths, as
shown in Table 14.1. The simulation uses supply voltages of +£0.5 V. The reference
current shown in Figure 14.3b, i.e., Izgr used, is 1.5 uA. The average power
consumed by the DO-CCII is 47.6 uW [30]. The temperature variation analysis
for different parameters of DO-CCII is done from —50°C to 150°C and shows
negligible effect.
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TABLE 14.1
Summary of DO-CCII Transistor Sizing (L = 20 nm for all Transistors)
Transistors My, My Ms, M, Ms, Mg, M, Mg Mo-M;g
Width (um) 8 02 1,05 6, 15 2
@ IR -
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FIGURE 14.4 (a) Voltage transfer features between Y and X terminals and (b) frequency
response of voltage gain (Vy/Vy).

The voltage transfer features between Y and X ports are in Figure 14.4a. The
linear range for voltage transfer characteristics calculates by applying —500 mV to
500 mV at the Y port. The signal at X port follows Y port, and the linear range is
—330 mV to 410 mV. The frequency response of voltage gain (Vx/Vy) plots in
Figure 14.4b. The 3 dB Bandwidth and voltage gain (f) at lower frequencies are
11.5 MHz and 179 MDB, respectively.

The current transfer features among X, Z+, and Z— terminals are in Figure 14.5a.
The linear range for contemporary transfer characteristics calculates by applying
—300 uA to 300 uA at the X port. The signals at Z+ and Z— ports are followed by
the sign at X port, and the linear range is —250 uA to 250 uA. The frequency
response of current gains (Iz/Ix) and (I;_/Ix) is in Figure 14.5b. The 3 dB
Bandwidth and current gain («) at lower frequencies for (I,/Ix) are 11.5 MHz and
—119 udB, respectively. The 3 dB Bandwidth and current gain () at a lower fre-
quency for (I;_/Ix) are 11.5 MHz and 88 MDB, respectively.

The transient response of voltage transfer and current transfer among DO-CCII’s
ports are plotted in Figures 14.6a and 14.6b, respectively. For the quick response
of voltage transfer between Y and X terminals, a sine wave of 250 mV of
amplitude and 1 MHz of frequency applies at the Y terminal. The X terminal’s
signal follows the movement of the Y port according to the eq. (14.1). Similarly, for
the transient response of current transfer among X, Z+, and Z— terminals, a sine
wave of £100 uA of amplitude and 1 MHz of frequency is applied at the X terminal.
According to the eq, the signal at the X terminal follows the signs at Z+ and
Z— ports. (14.1).
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FIGURE 14.6 Transient response of (a) voltage transfer features between Y and X term-
inals and (b) current transfer among X, Z+, and Z— terminals.

The temperature variation analysis on the DC voltage transfer features between
Y and X ports (Figure 14.7a). Signal at the Y port by the signal at X port and shows
negligible effect. The temperature variation on the DC transfer features among X,
Z+, and Z— terminals (Figure 14.7b). The signals at Z+ and Z— ports are followed
by the sign at X port and show negligible effect.

The temperature variation analysis on the frequency response of voltage gain
(Vx/Vy) and current increases (I/Ix) and (I;_/Ix) in Figures 14.8a—14.8c. The
analysis shows that at lower frequencies and up to 3 dB frequency, variation in
voltage gain () and current increases (I./Ix) and (I;_/Ix) is negligible. After 3 dB
frequency, variation is there but of low value.

The temperature variation analysis on the transient response of voltage transfer
and current transfer among DO-CCII’s ports are plotted in Figures 14.9a and 14.9b,
respectively. The X port’s signal at the Y port has approximately no variation.
On the other hand, alerts at Z+ and Z— ports follow the movement at X port with
low variation.
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transfer features among X, Z+, and Z— terminals at different temperatures (-50°C to 150°C).
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14.4 DO-CCII-BASED UNIVERSAL BIQUADRATIC FILTER

The block diagram of the DO-CCII-based voltage-mode MISO universal
biquadratic filter is in Figure 14.10a. It contains two DO-CClIs, two resistors, and
two capacitors. The resistor implementation in an IC consumes a large amount of
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FIGURE 14.9 Transient response of (a) voltage follower between Y and X terminals
and (b) current transfer among X, Z+, and Z- terminals at different temperatures
(=50°C to 150°C).
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FIGURE 14.10 (a) DO-CCII-based Universal Filter presented in [32] and (b) its
Implementation using voltage-controlled transistors.

Si area. Therefore, in Figure 14.10b, the performance of this filter is shown using
voltage-controlled transistors to implement resistor behavior [31]. The filter transfer
function (TF) for the voltage mode MISO filter can easily be calculated using
DO-CCII’s characteristics and applying a routine analysis in Figure 14.10a.

The output voltage (Voyr) in terms of Vi, V, and V3 shows in eq. (14.2).

S2R1R2C1C2\/1 + SR2C1V2 + \73
SzR1R2C1C2 + SR2C1 + 1

Vout = (14.2)

Transfer functions for different filters by applying various combinations of inputs
in eq. (14.2) as shown in Table 14.2. If V; = V, = 0 and V3 = V;y is applied in
eq. (14.2) LPF response is obtained as shown below.

Vir _ 1
Vin 52R1R2C1C2 + sR,Cy + 1

(14.3)
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TABLE 14.2

Transfer Function of the Universal Biquadratic Filter

Filter LPF HPF BPF BRF APF
v 0 1 0 1 1
v 0 0 1 0 -1
Vs 1 0 0 1 1

Similarly, if V, = V3 =0 and V| = Vy is applied in eq. (14.2), HPF response is
obtained as shown below.

& _ SZR]RZC]CZ
\/IN S2R1R2C1C2 + SR2C1 +1

(14.4)

Similarly, if V; = V3 =0 and V, = Vy is applied in eq. (14.2), BPF response is
obtained as shown below.

Ver _ SRG (14.5)
Vin 52R1R2C1C2 + sR,C + 1
For BRF, V| = V3 = V;y and V, = 0 is applied in eq. (14.2).
E _ SZR1R2C1C2 +1 (146)
Vin SZRIRQCICQ + SR2C1 +1
The equation for zero frequency of BRF can be given as:
1
Wz = ——— (14.7)
RIRCC)2
For APF, V| = -V, = V3 = V;y is applied in eq. (14.2).
E _ 52R1R2C1C2 - SR2C] + 1 (148)

Vin 52R1R2C1C2 + sR,C; + 1

The equations for natural frequency (wg) and quality factor (Q) can easily be
obtained from the eq. (14.2) using simple mathematical analysis.

1

Wy = ———
(RiR:CCy)2

(14.9)
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1
0= (RICZ)Z (14.10)

The wq can easily be controlled using R; or R,, while Q can be controlled using
ratios R\/R, or C»/C,. The passive sensitivities of wy and Q can easily be obtained
using routine mathematical analysis.

1
S =S8 =Sk = Sji = =3 (14.11)
1
S8 =S8 =-88 =-5¢ = 3 (14.12)

The passive sensitivities obtained are of smaller values for wo and Q.

All the simulations used HSPICE software with a 20 nm TFET model [12]. The
supplies used are +0.5 V, and the power used by the universal biquadratic filter
is 93.8 uW. The control voltages V¢ and V-, for voltage-controlled transistors
simulating the behavior of resistors are 0.5 V for NTFET transistors and —0.5 V for
PTFET transistors, respectively. The values of C and C, pF. With the combination
of control voltages simulating the behavior of resistors and values of capacitors,
the values achieved for f; and Q are 155 MHz and 1, respectively.

Figure 14.11b shows the frequency response of HPF gain, while Figures 14.11a,
14.12a, 14.12b, and 14.12c¢ show the frequency response of LPF, BPF, BRF, and
APF gain and Phase, respectively. The collective frequency response of all the
filters (Figure 14.12d) for the same control voltages and capacitor values. The
joint frequency response of all filters shows that the f; for all the filter responses
is 155 MHz — the study of process variation using Monte Carlo simulations. The
analysis uses a 10% tolerance in capacitor values. There are 100 runs in this study.
Figures 14.13a and 14.13b show the Monte Carlo analysis of BPF frequency
response of gain and phase responses. The study shows lesser variations.
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FIGURE 14.11 Universal Filter frequency response of (a) LPF gain and phase and
(b) HPF gain.
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The temperature variation on the frequency response of gains of LPF, HPF, BPF,
BRF, and APF (Figures 14.14a, 14.14b, 14.15a, 14.15b, and 14.15c, respectively).
The analysis shows that variation in gain-frequency responses of different filters

is negligible.

A comparison of the VM universal biquadratic filter with previously reported

circuits is shown in Table 14.3.
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The 32 nm CNTFET is used in Reference [33]. Its limitation is that it does not
provide all five standard filter functions. The 180 nm CMOS is used in Reference
[18], and BJT in [16]. They both have a limitation: they do not provide re-
sistorless topology as the physical resistor consumes a large amount of Si area.
Therefore, the IC integration of these circuits is not good enough. The 450 nm
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TABLE 14.3
Comparison of the VM Universal Biquadratic Filter with Previously Reported
Circuits

Specifications This Work [33] [18] [17] [16]
Process (nm) 20 32 180 450 -
Technology TFET CNTFET CMOS CMOS BIT
Active and passive 2 DO-CCIIL, 2 C, 2 OTA, 3 DDCC, 1 VDVTA, 3 VDDDA,
elements 4 Switches 2C 2C,5R 2C 2C, 1R
Resistorless topology Yes Yes No Yes No
Offer 5 Standard Yes No Yes Yes Yes
Filter Functions
Supply Voltages (V) +0.5 +0.9 +1.8 +1 +5
Power Dissipation (uW) 93.8 - - 368 -

CMOS is used in Reference [17]. It has a limitation because it consumes much
power compared to this work.

14.5 CONCLUSION

The chapter presents a TFET-based DO-CCII. A voltage mode MISO universal
biquadratic filter using two DO-CCII blocks, two capacitors, and four voltage-
controlled transistors. The 3 dB Bandwidth of DO-CCII for voltage gain and current
gains is 11.5 MHz. The average power consumption of DO-CCII is 47.6 uW. The
DC voltage and current range DO-CCII are —330 mV to 410 mV and -250 uA
to 250 uA, respectively. As the universal biquadratic filter is of MISO type, it
provides all five filter responses from the same topology. It has achieved the values
of 155 MHz and 1 for f, and Q, respectively. Since the circuit is not having any
physical resistors, it is suitable for IC integration. The simulations use a 20 nm
TFET model with the HSPICE software.
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15.1 INTRODUCTION

15.1.1  MOTIVATION

Different system modules on chip (SoC), such as digital, analog, and passive com-
ponents, are manufactured on a single chip and are optimized to work with multiple
supply voltages to decrease the overall power dissipation. In a VLSI system, a level
shifter cell converts the voltage levels from one voltage domain to another. Using
different supply voltages in the same system is one of the valuable ways to reduce
leakage and dynamic power. Voltage level shifters are also helpful when the chips are
in between the core voltage and analog front-end circuitry (such as physical interphase
of DDR) voltage. For example, if the core works with a smaller voltage in the range of
1.2V, the analog frontend circuit works with a higher voltage of 3.3 V. The difference
in a voltage domain may cause the problem with stably working the circuitries.

In Figure 15.1, signals from 3.3 V domains drive a module that works with 5 V.
The lower range of voltage signal might not achieve the higher voltage if the
voltage difference is significant. A voltage Level Shifter (LS) cell guarantees that

5v 3.3v 3.3V

3.3V to 5V

Logic Circuits | N I{e;i)l shifters <mls_> Logic Circuits
\—]& UOs

Module Operating at 5V Supply Module Operating at 3.3V Supply

FIGURE 15.1 SOC block diagram with different modules and level shifter.
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the multi-voltage domain modules function correctly. There are two possible sce-
narios: one in which the source signal voltage is low and the other in which the
source signal voltage is high. When the source voltage is low, we need the high
voltage at the input to drive the circuitries. In that case, we will use low-voltage
translators and vice versa.

Nowadays, voltage reduction decreases the power consumption of systems. The
power dissipation of circuits is quadratic about the supply voltage. If we reduce the
supply voltage, the power dissipation of the courses reduces. For example, a 45 nm A
CPU [1] has 48 cores and eight voltage domains; for proper operation of the CPU, we
require a voltage level shifter between modules that work with different supply
voltages. As a result, TFET-based voltage Level shifters (LS) have become very
promising, especially in systems with aggressive voltage scaling. Modules working
on the different voltages require TFET-based voltage Level Shifters for voltage to go
from one module voltage domain to another module. If the voltage coming at the node
is higher than the module voltage level, then the system is not correctly working.
Level shifters are used in the System on Chip to ensure that the modules operating at
different voltages function correctly. As signals transition from one voltage domain to
another, Level Shifters must provide correct driving strength and accurate timing.
There are also some issues with level shifter designs with low conversion ranges.

In VLSI circuits, supply voltage and parasitic capacitances decide the power of
the integrated circuits and systems. When the supply voltage lowers that caused,
low voltage swings, insufficient noise margins, and leakage currents occur [2]. As
technology has advanced to the deep submicron level, circuits operating at lower
voltages have leakage power challenges. Also, at a deep submicron level, the
leakage power is the dominating fraction of the total power component. If size and
supply voltage scaling trends are to be maintained, the static power component of
power consumption considers.

The primary concern while designing a Level Shifter circuit is the power con-
sumption, Delay, and the area utilized. The purpose is to use TFET in voltage level
shifter to increase conversion range and decrease Power & Delay. The purpose of
inserting the MUX in a cross-coupled voltage Level Shifter (LS3) is to speed up the
level shifter. The purpose of using two cross-coupled stages in the proposed voltage
Level Shifter (LS4) is to improve both Power & Delay which implies lower PDP.

15.1.2 TFET OvVERVIEW

TFET is an emerging transistor with a similar structure to a conventional MOSFET
with the difference that its source & Drain are not interchangeable. The conduction
mechanism in a TFET is different, making this Device suitable for low-power ap-
plications. Current conduction in TFET involves the quantum tunneling phenomena
rather than carrier transfer over the barrier by applying sufficient gate voltage. In
CMOS devices, the minimum value of subthreshold swing is 60 mV per decade, so
we require a minimum of 60 mV for one decade of current change. But in TFET, the
drain current is not limited by the subthreshold swing. A minimum subthreshold
swing of 33 mV per decade. In TFET, Current conduction on band-to-band tunneling
(BTBT) defies the Boltzmann-limited 60 mV/decade subthreshold swing.
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15.1.3 WOoRkING oF TFET

As shown in Figure 15.2, a TFET gate controls BTBT across a p-n junction and
depicts the cross-sectional view and band diagrams of an n-type Tunnel Field Effect
Transistor (TFET) at different gate voltages. Usually, the Device turns off. When
the gate is biased with zero voltage, the conduction band of the Channel is at higher
energy than the valance band energy of the source, which prevents band-to-band
tunneling. When we apply some positive gate bias voltage, the channel conduction
band shifts below the source valence band. The TFET transistor is turned on, and
electrons in the valence band have enough energy to tunnel into vacant states in the
conduction band of the Channel.

The p-type TFET works the same way as the n-type TFET, but the source and
drain doping differ. In the NTFET, the current profile also decreases when we
decrease the Vgs voltage. Whenever Vgs is positive, or Vgs is higher, the electron
will tunnel from source to channel and deposit by the drain side, and we can say the
tunnel window is open. When we apply the negative voltage at the gate, the valence
band of the Drain can be shifted over the conduction band, resulting in electron
tunneling from the Channel into the Drain. TFET can switch on at the channel drain
junction, and the tunneling window reopens as a result, with the tunnel junction
carrier moved from the source to the drain side. When this happens, the channel
conduction switches from one carrier type to another, resulting in an ambipolar
transfer characteristic. Across all TFET geometries, this behavior is consistent.
When the gate bias is positive, and the drain bias is negative, the TFET functions as
an Esaki diode, and the output characteristics show NDR behavior.

An n-type TFET’s intrinsic region enables by adding gate bias at the Channel. The
channel band bending is steeper, and BTBT happens when the Intrinsic region’s
conduction band is at the same level as the valence band of the P region at a suitable
gate voltage. Current can flow across the Device because electrons from the p-type
region’s valence band tunnel into the intrinsic region’s conduction band. As the
potential gate decreases, the energy band diagram shows the shift and the current on
the drain side decrease, even with the more shift current being zero at the drain side.

G G

@ oxide oxide oxide

FIGURE 15.2 Band diagram of Tunnel Field Effect Transistor with the bias condition [3].
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Drain Current (Ip)

Gate Voltage (V)
FIGURE 15.3 I, vs. Vs characteristic of TFET.

Energy band diagram of n-type TFET biases in

a. OFF state,
b. ON state, and
c. Ambipolar state

In Energy Band Diagram, Ec stands for conduction band, Ev stands for valence
band, Vgs stands for gate-source voltage, Vds stands for drain-source voltage, and
Vtw stands for tunneling window.

The 60 mV/decade subthreshold limit is a fundamental limitation in traditional
MOSFET devices. The ratio between the threshold voltage and the subthreshold
slope determines the percentage of ON-current to OFF-current (Figure 15.3).

The ON-current of a transistor represents its speed. The higher the ON current
value, the faster the Transistor can charge/discharge capacitive load. The sub-
threshold slope determines the minimum threshold voltage for a particular transistor
and speed and the maximum subthreshold leakage that can tolerate. The constant
field scaling principle necessitates reducing the threshold voltage. Key technology
developers have been unable to scale supply voltage since 2003 and rely nearly
entirely on threshold voltage scaling.

As a result, CPU speeds have not advanced at the same rate as before 2003. The
industry will be able to maintain the scaling trends that began in the 1990s, when
processor frequency doubled every three years, with the introduction of a TFET
with a subthreshold slope of less than 60 mV/decade.

15.2 LITERATURE REVIEW

15.2.1 LITERATURE REVIEW

The components of integrated circuits, such as digital, analog, and passive com-
ponents, are fabricated on a single chip and require different voltages to operate
correctly. A Level Shifter (LS) is used in a VLSI system to change the voltage level
from one voltage domain to another [4].
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Analog and digital IC designers are emphasizing improved energy efficiency.
Dynamic power depends on supply voltage, so a reduction in the supply voltage of
modules is an efficient way to decrease overall power.

Nowadays, sensor nodes in the Internet of Things [1] have systems with many
voltage domains working on different voltages to operate systems properly. We
require TFET-based voltage Level Shifters between modules. The Level Shifter
uses a split type of Inverter [5] to reduce power dissipation. In this work, the split
type of Inverter is used in the proposed cross-coupled Level Shifter (LS2) & also in
improved CMLS to decrease the power.

This proposed Level Shifter (LS3) uses a multiplexer [6] to speed up the
operation, showing significant Delay reductions. This proposed Level Shifter
(LS4) uses a cross-coupled and split type of Inverter [5,7-14] which shows a
significant reduction of power dissipation, Delay, and power-delay-product in
all topologies.

This proposed Level Shifter (LS3) uses a voltage divider network [6] to generate
the Vppwm voltage at the input of PMOS. So the speed of the PMOS & NMOS is
comparable, and the TFET-based proposed voltage Level Shifter (LS3) works faster
and has a minimum delay among all topologies.

15.3 LEVEL SHIFTER CIRCUITS
15.3.1 LEVEL SHIFTER

We have different modules in integrated circuit design on a single chip. Level
Shifters require signals that move from one module voltage level to another in other
supply voltage modules. Calls that cross the one-module voltage levels cannot
record without level shifters (Figure 15.4).

In the System on Chip, LS ensures that blocks with differing voltages work
together appropriately. As a signal changes from one module voltage level to
another, level shifters must provide correct driving strength and accurate timing.
LS can employ during the synthesis and implementation phases.

We can use a voltage level shifter in both cases when voltage translation from a
high to a low voltage domain and the voltage translation from a low voltage to
a high voltage domain. In the case of high to standard translation voltage, we use
two series of inverters and provide a more insufficient VDDL supply to the Inverter
that helps to charge the parasitic node to VDDL potential.

The power domain boundaries are close to the level shifters. On the other hand,
level shifters have two power boundaries

1. The primary power boundaries are on the voltage level shifter’s top and
bottom borders.

2. The level shifter’s horizontal center line serves as the secondary power
boundary.

The voltage that the primary power boundaries match determines the Level shifter’s
power domain. If the direct power boundaries of the level shifter are 0.8V, it should
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FIGURE 15.4 SOC block diagram of level shifter 1.

place in the 0.8V power domain. As a result, determining which power domain,
the Level shifter should be placed in necessitates some library knowledge.

15.3.2 MEASUREMENT OF PERFORMANCE METRICS OF LEVEL SHIFTER

Level shifters are assessed based on various performance metrics. Level shifter
design for targeted applications uses trade-offs among these metrics. This section
discusses multiple figures of merit (FoM) of Level shifters and their measurement
methodologies.

15.3.2.1 Frequency of Operation

The Frequency of operation of the Level shifter gives information about at which
Frequency the output is close to 99% of the VDDH value means the level shifter
properly works. TFET-based Level shifter work on the MHz range. In the case
of TFET-based voltage level shifters, output resistance is higher, leading to a
higher frequency of operation in TFET-based voltage level shifters compared to
CMOS-based voltage level shifters.

15.3.2.2 Power Consumption

Identifying such components is a critical issue in minimizing the overall power
consumption of TFET-based voltage Level shifters. The power consumption of
the Level shifter comprises two major components: static or leakage power and
dynamic power. Static power is the power drawn from the Level shifters’ supply.
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In the static case, we apply the zero at the input and calculate power due to Vppy
and Vppy at the input and calculate power due to Vppy. And figure avg of both
power give information about static power. The dynamic power consumption
during the operation of a Level shifter can be measured by adding up the emotional
power drawn by different capacitive loads that are charged and discharged during
the operations. In level shifter, design power consumption depends on the supply
voltage Vppy, Vppr. In the dynamic case, when the input changes from 0 to Vppp
the parasitic output capacitance is charge and discharge, which decides the fiery
power consumption for the voltage level shifter.

So in the voltage level shifter, we calculate power due to Vppy and Vppy.
The sum of these powers gives information about the total power.

15.3.2.3 Level Shifting Range

Level Shifting Range in TFET-based voltage Level shifters provides information on the
range of operation. The lower conversion range of the voltage level shifter on the supply
voltage of the Vppy. type inverter. The decrease in the supply of the Vpp type inverter
means we reduce the lower conversion range of the voltage level shifter. If the voltage
level shifter works between 0.1 and 1.2 volts, it can translate voltage between
0.1 and 1.2 volts. This level shifter can raise the voltage of a 0.1V module to 1.2V.

15.3.2.4 Delay of Level Shifters

Delay of the voltage Level Shifter gives information about how fast the voltage
Level shifter can operate. Mainly delay depends upon how quickly the Transistor
can switch means how fast transistors are ON/OFF. TFET-based devices have a
higher ON/OFF current ratio that gives information about transistors changing
very fast deciding the Device’s Delay. In TFET, appliances have a higher current
at a lower voltage. This higher current helps to charge & discharge the parasitic
node very fast, that’s by TFET-based voltage level shifter have a lesser delay. TFET
device is operating at more secondary Voltage (Threshold of the Device is more
deficient as compared to CMOS). We are using a 20nm Double gate TFET Model.
This device threshold is 0.145V less than CMOS.

15.3.2.5 Power Delay Product

The power—delay product (PDP) is an energy-efficiency merit figure. Power con-
sumption P, (averaged over a switching time) multiplied by the input-output
Delay or duration of the switching event to calculate switching energy. It calculates
the energy utilization for each switching occurrence and has an energy dimension.

The Power delay product is the product of Power and Delay that give infor-
mation about the combined effect of both Power & Delay.

15.4 CIRCUIT TOPOLOGIES OF LEVEL SHIFTERS

15.4.1 Cross CoupLED LEVEL SHIFTER

Cross-coupled voltage Level shifters have positive feedback in the pull-up network
that helps to off another side of the cross-coupled Transistor so that less grow-bar
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current flows from VDDH to GND. Cross-coupled level shifters have unequal
strength of pull-up & Pull-down transistors. modulel (Which is working on lower
voltage) voltage goes to the driving NTFET type transistor, and module2 (which
is working on higher voltage) voltage goes across the PTFET that creates the
contention in the Pullup and pull-down network.

15.4.1.1 TFET-based Cross Coupled Voltage Level
Shifter (LS1)

TFET-based Cross coupled voltage Level shifter converts the lower voltage even
less than the Device’s threshold to the higher module voltages. TFET-based cross-
coupled voltage Level shifter encounters severe difficulty in the extreme conflict
between the solid upper Pull-up and weak Lower pull-down networks, which leads
to failure due to different strengths of pull-up & pull-down. With the help of two
series stages with a lower supply voltage in the first stage to limit the unequal Power
of PTFET & NTFET. With wide-range voltage conversion, the cross-coupled LS in
[15] provides robust voltage shifting from 0.188V to 1.2V. However, it causes a
significant delay and a penalty in terms of area. By successfully regulating the
contention, the LS in [1] accomplishes a stable and quick voltage translation from
the lower sub-threshold to the above threshold region. [7] The LS uses a self-
adapting pull-up structure to convert from very low input voltages to the nominal
voltage of 1.8V while consuming very little static power. Still, these circuits have a
trade-off between the Transistor and conversion speed.

In Cross coupled voltage Level shifter Driving Transistor is weak because the
input to the driving transistor is low (0 to VDDL) voltage; because of the Low
voltage at the information, the strength of the Transistor is low. For proper
operation of the cross-coupled voltage level shifter, we increase the Width of
the driving NTFET transistor is 350 nm at the 20 nm TFET technology node
because the strength of the Level shifter depends upon the gate voltage & Width
of the Transistor (Figure 15.5).

In the TFET-based cross-coupled voltage level shifter, crowbar current flows
when the input changes from VDDL to GND or Vpp;.. Because at the edge, when
information changes, PTFET of cross-coupled pull-up transistor require some time
to off the PTFET of the opposite side, That’s by a concise amount of grow bar
current flows from Vppy to GND. By seeing the waveform, we observe that TFET-
based cross-coupled voltage level shifter (LS1) has more leakage current at the edge
because TFET has a higher gate to drain capacitance at the border (Figure 15.6).

The above waveform shows that the TFET-based cross-coupled voltage level
shifter translates voltage from 250 mv to 1.2 V. The waveform result currently due
to Vppy and Vppy, gives the information about the power.

Table 15.1 compares the CMOS and TFET implementation of cross-coupled
Voltage Level Shifters. From this table, we observe that the TFET-based cross-
coupled voltage level shifter has a better level shifting range, lower power dissi-
pation, and lower delay as compared to TFET-based cross-coupled voltage level
shifter.

CMOS-based cross-coupled voltage level shifter gives a better response at 1.2 MHz
frequency, and TFET-based voltage level shifter gives a better response at 20 MHz.
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TABLE 15.1
Comparison Table of CMOS-Based Cross-Coupled Voltage Level Shifter
and TFET-Based Cross-Coupled Voltage Level Shifter

Parameter CMOS-Based Cross-Coupled TFET-Based Cross-Coupled
Level Shifter Level Shifter (LS1)

Frequency of operation 1.2 MHz 20 MHz

Level shifting Range 0.3-12V 0.25-1.2V

Total Power 16.54 yW 556.23 pW

Delay 31.7 nS 71.389 pS

Power Delay 524.413 x 107" ] 39.708 x 1072 J

Product (PDP)

In a CMOS-based cross-coupled voltage level shifter (LS1), we obtained a level
shifting range from 0.3 to 1.2 V, and in TFET-based cross-coupled voltage level
shifter (LS2), we received a level shifting range from 0.25 to 1.2 V. In CMOS-based
voltage level shifter, we obtained power of 16.54 pW, but in the TFET-based cross-
coupled voltage level shifter (LS1), we received Power of 556.23 pW and Power
due to VDDH being 549.961 pW & VDDL is 6.273 pW. TFET-based Circuit is
faster as compared to CMOS-based cross-coupled level shifter Circuit.

In the TFET-based voltage Level shifter circuit, we obtained Delay in the range
of pS. But in the CMOS-based voltage level shifter (LS1) we obtained a delay of
31.7 nS but In the TFET-based cross-coupled voltage level shifter, we received a
postponement of 71.389 pS.

The waveform result currently due to Vppy & Vppr gives the information about
the power. We obtained leakage power when input varies from GND to Vpp or
vice versa.

15.4.1.2 TFET-based Proposed Voltage Level
Shifter (LS2)

To improve the power of the cross-coupled voltage level shifter (LS1), we add the
current limiting Transistor between the driving and cross-coupled (Positive feed-
back) transistor and connect the splitting type inverter at the output. These current-
limiting Diode Connected transistors decrease the current from Vppy to GND of the
Circuit. For proper level shifting operation, we adjust the Width of the splitting type
inverter (Figure 15.7).

From the below waveform, we observe that grow bar current that flows from
Vpphu to GND is less in the TFET-based proposed voltage level shifter (LS2). It is a
decrease due to the current limiting Transistor that leads to less power dissipation in
the proposed voltage level shifter (LS2) compared to the TFET-based cross-coupled
voltage level shifter (LS1) (Figure 15.8).

Table 15.2 compares the CMOS and TFET implementation of the proposed
voltage Level Shifter (LS2). The Frequency of operation of the TFET-based
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TABLE 15.2
Comparison Table of CMOS-Based Proposed Voltage Level Shifter (LS2) and
TFET-Based Suggested Voltage Level Shifter (LS2)

Parameter CMOS-Based Proposed TFET-Based Proposed
Level Shifter (LS2) Level Shifter (LS2)

Frequency of operation 1.2 MHz 20 MHz

Level shifting Range 03t012V 025t0 1.2V

Total Power 1.5 uyW 490.71 pW

Delay 2334 nS 64.18 pS

Power Delay Product (PDP) 3501 x 1077 ] 31.493 x 1072 ]

suggested voltage Level shifter (LS2) is better than the CMOS-based offered
voltage level shifter (LS2). TFET-based proposed voltage level shifter (LS2) circuit
provides better power in the range of pW as compared to the CMOS-based pro-
posed voltage level shifter. In the TFET-based proposed voltage level shifter (LS2),
power due to Vppy is 484.43 pW & Vppy is 6.273 pW. TFET-based voltage level
shifter Circuit is faster than the CMOS-based voltage level shifter Circuit. In the
TFET-based voltage Level shifter circuit, we obtained Delay in the range of pS.
In the TFET-based proposed voltage level shifter (LS2), we received a delay
is 64.180 pS. But in the CMOS-based proposed voltage level shifter (LS2), we
obtained a postponement of 23.34 nS.

From Table 15.2, we observe that TFET-based proposed voltage level shifter
(LS2) has a better Level shifting range as compared to the CMOS-based proposed
level shifter (LS2); we obtain 0.25 to 1.2 V in TFET-based proposed voltage level
shifter (LS2).

In the TFET-based Improved Level shifter, we obtained less grow-bar current
(current from power supply to GND). The current limiting Transistor and splitting
type inverter helps to reduce the current due to VDDH and present due to VDDL in
an improved Cross coupled Level shifter circuit.

15.4.1.3 TFET-based Proposed Voltage Level
Shifter (LS3)

Cross-coupled voltage Level shifter Pullup & Pulldown networks have unequal
strength. The different voltage at the gate means PTFET has more Power because
Vppu voltage comes across the entrance of PTFET. To reduce this problem, we
use MUX in the pull-up network, and with the help of MUX, we provide less
Voltage (Vppwm) to the Gate of PTFET. This Vppy voltage comes from the TFET-
based Voltage divider network.

15.4.1.3.1 TFET-based Multiplexer for Proposed Voltage Level Shifter (LS3)

We design the TFET-based MUX from the transmission gate-type pass transistor
Logic. A 2:1 multiplexer in Figure 15.9. This gate selects either input I0 or I1 based
on the control signal ‘SELECT’ value. When the control signal SELECT is logic



280 Tunneling Field Effect Transistors

SELECT

—
I_ NTFET|1 IR NTFET_2
PTFET_1 ‘ PTFET_2 l_
|
OUTPUT
FIGURE 15.9 TFET-based 2:1 MUX 1.
TABLE 15.3
TFET-Based 2:1 MUX
10 I SELECT OUTPUT
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 1
1 0 1 0
1 1 0 1
1 1 1 1

low, the output equals the input 10, and when it is logic high, the result equals
the input I1.

When the control signal SELECT is low, then the upper transmission
gate turns OFF, and it will not allow 10 to pass through it; at the same time, the
lower transmission gate is ‘ON’, and will enable I1 to pass through it, so the
output = I1.

Table 15.3 shows that whenever SELECT is zero, it will select 10. If SELECT is
one, then it will choose I1.

Output = Select. Iy + Select. I

15.4.1.3.2 TFET-based Voltage Divider Network
TFET-based Voltage divider network is the series connection of 5 gates to drain
shorted PTFET. We calculate the Vppy voltage from the Drain of the PTFET_3

Transistor. We obtained Vppy voltage 5.38 mV voltage. Here supply voltage Vppy
is 1.2V (Figure 15.10).
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FIGURE 15.10 TFET-based voltage divider network.

The upper cross-coupled PTFET is fast in a cross-coupled circuit because the
VDDH potential comes across the PTFET. So Decrease the node voltage of PTFET,
we use the MUX, and the input to MUX is Vddm (That generates from the voltage
divider network) and D or DBar. Mux-based voltage Level shifter circuit Improves
cross-coupled LS in terms of Delay (Figure 15.11).
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For proper operation of the SELECT of multiplexers, we provide the cross-
coupled network between the source of PTFET_1 & SELECT. Because of the
appropriate recovery of the level so that the multiplexer gate properly works, we
can say that too fast up the operation.

TFET-based Proposed Level shifter Circuit (LS3) width of the NTFET_1 &
NTFET_2 is comparable to PTFET_1 & PTFET_2. Because of the decrease in the
gate potential of PTFET, current strength decreased. That’s because we require
comparable width of the NTFET transistor (Figure 15.12).

Table 15.4 compares the CMOS and TFET implementation of the proposed
voltage Level Shifter (LS3). In the proposed voltage level shifter (LS3) circuit,
we observe that Delay is less as compared to all topologies. In the CMOS-
based proposed Voltage level shifter (LS3) we obtained a delay of 744 pS and in
TFET-based proposed voltage level shifter (LS3) we obtained a postponement
of 3.874 pS.

From Table 15.4, we observe that the Frequency of operation of the CMOS-
based proposed voltage level shifter (LS3) is 4.6 MHz, and TFET-based Propose
voltage Level shifter (LS3) is 20 MHz. TFET-based proposed level shifter (LS3)
provides a Level shifting range from 0.2V to 1.2V. But CMOS-based proposed
voltage level shifter gives a level shifting range from 0.28 to 1.2V. The Circuit
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FIGURE 15.12 Wave of input and output voltage and current due to Vppy.

TABLE 154
Comparison Table of CMOS-Based Proposed Voltage Level Shifter (LS3) and
TFET-Based Proposed Voltage Level Shifter (LS3)

Parameter CMOS-Based Proposed TFET-Based Proposed
Level Shifter (LS3) Level Shifter (LS3)

Frequency of operation 4.6 MHz 20 MHz

Level shifting Range 0.28-1.2 V 02-12V

Total Power 129 pW 2.963 nW

Delay 744 pS 3.874 pS

Power Delay Product (PDP) 95.976 x 107 J 11.478 x 10721 ]

offers better level shifting compared to the simple cross-coupled & improved
Circuit. TFET-based proposed voltage level shifter (LS3) has more power con-
sumption because of the multiplexers and extra circuitry. In the TFET-based pro-
posed voltage level shifter (LS3), we obtained power due to VDDH being 2.963 nW
& VDDL being 4.84 pW. In terms of PDP, this Circuit is better. Because of the use
of multiplexers LS3 circuit is faster. We can use this level shifter where speed is my
primary purpose.

15.4.1.4 Proposed TFET-based Voltage Level

Shifter (LS4)
TFET-based Proposed has a voltage Level shifter (LS4). It has more power than we
remove the multiplexer of this level shifter circuit. Insert a cross-coupled stage
between the upper cross-coupled stage and the Current Limiting Transistor
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FIGURE 15.13 Proposed TFET-based level shifter (LS4).

(Here, we do not use a diode-connected transistor, We use NTFET Transistor and
bias from the Upper Cross coupled PTFET). We use a splitting-type inverter and
input to splitting type transistor from the opposite branch (Figure 15.13).

When the input is high, NTFET 1 is on, and GND to drain of NTFET_1:

At bias-condition, GND is passed to drain of NTFET_4. So that’s by less
amount of leakage current is flow from VDDH & GND that’s by power is less
(Figure 15.14).

Table 15.5 compares CMOS and TFET implementation of the proposed voltage
Level Shifter (LS4). The proposed voltage level shifter (LS4) has two cross-coupled
stages that help reduce the Power and Delay of the Circuit. In the CMOS-based
presented voltage level shifter (LS4), we obtained power of 666.231 nW; in the
TFET-based proposed voltage level shifter (LS4), we received power of 424.483
pW. TFET-based Circuits are faster because the switching in the TFET device is
fast. We received a 9.192 pS delay in the TFET-based proposed voltage level
shifter (LS4).

We obtained less current due to VDDH & VDDL because of the fast off of the
PTFET due to Cross coupled structure. TFET-based proposed level shifter (LS4)
has better Delay and, finally better Power delay product (PDP).
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FIGURE 15.14 Waveform of Vin, Vout, [Vppa, and IVpy of proposed TFET-based level
shifter (LS4).

TABLE 15.5
Comparison Table of CMOS-Based Proposed Voltage Level Shifter (LS4) and
TFET-Based Suggested Voltage Level Shifter (LS4)

Parameter CMOS-Based Proposed TFET-Based Proposed
Level Shifter (LS4) Level Shifter (LS4)

Frequency of operation 8 MHz 20 MHz

Level shifting Range 0.35-12V 0.28-12V

Total Power 666.231 nW 424483 pW

Delay 4.14 nS 9.192 pS

Power Delay Product (PDP) 2758 x 10715 7 3.901 x 10721 J

15.4.2 CURRENT MIRROR LeVEL SHIFTER (CMLS)

The Level shifter in [1] enables a robust and rapid voltage conversion from the
lower sub-threshold to the voltage more significant than the threshold region by
efficiently level shifting to remove the Problem of Unequal strength of PTFET &
NTFET. It is like a contention mitigate type level shifter, but this topology has a
vast area and a high static power. The level shifter in [7] uses techniques in the pull-
up structure to convert from very low input voltages even lesser than the threshold
to the nominal high voltage of 1.8V while consuming very little static power, but
the problem with high power dissipation.

15.4.2.1 TFET-based Current Mirror Voltage Level

Shifter (LS5)
Cross-coupled voltage Level shifters have strong contention between pull-up and
pull-down networks. That’s by we go for the current mirror-type level shifter.
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FIGURE 15.15 TFET-based current mirror voltage level shifter (LSS5).

By efficiently regulating the conflict, the Current mirror Level shifter delivers
robust and quick voltage conversion from the Lower sub-threshold to the above
threshold domain. However, it has a lot of static power because due to the current
mirror large amount of current is flowing from Vppy to GND (Figure 15.15).

From the below waveform, we observe that the current due to VDDH & VDDL
is higher than all level shifter topology because of the current mirror load at the
pull-up network. TFET-based current mirror voltage level shifter (LSS5) shifts from
0.17 to 1.2V. TFET-based existing mirror voltage level shifter provides a wide
conversion range (Figure 15.16).

Table 15.6 compares the CMOS and TFET implementations of the proposed
current mirror voltage Level Shifter (LS4). In the Current Mirror Level shifter,
because the current mirror pull-up network current is present, that is also a force on
the driving Transistor that’s by we get the better Frequency of operation in the
Current mirror-type voltage level shifter. We obtained an 18MHZ Frequency of
operation in the CMOS-based current mirror level shifter, and we received a
33MHZ Frequency of operation in the TFET-based existing mirror voltage level
shifter. We can use this Circuit for high-frequency applications.

But the problem Current mirror level shifter is that in the current mirror pull-up
network, the current is present every time. When the input is VDDL, NTFET_1 is
on, and current flows from VDDH to GND. So due to the current flow, high power
dissipation happens. In the TFET-based Current mirror voltage level shifter, we
obtained Total Power is 873.52 pW.

Because the Transistor’s current mirror structure driving strength is good, we
obtained Delay in the CMOS-based existing mirror voltage level shifter is 17.5nS
and the TFET-based Current mirror level shifter is 53.914pS.
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FIGURE 15.16 Waveform of V;,, Vou, [Vppn, and IVppp, of TFET-based current mirror
level shifter (LS5).

TABLE 15.6
Comparison Table of CMOS-Based Current Mirror Voltage Level Shifter (LS5)
and TFET-Based Current Mirror Voltage Level Shifter (LS4)

Parameter CMOS-Based Current Mirror TFET-Based Current Mirror
Level Shifter (LS5) Level Shifter (LS5)

Frequency of operation 18 MHz 33 MHz

Level shifting range 0.25-12V 0.17-12V

Total Power 38.65 yW 873.47 pW

Delay 17.5 nS 53.914 pS

Power Delay Product (PDP) 676.375 x 1077 J 47.088 x 107" J

15.4.2.2 TFET-based Improved Current Mirror Level
Shifter (LS6)

When the input is HIGH in a TFET-based current mirror voltage level shifter, the
NTFET_1 turns on, and current flows between VDDH and GND. To remove this
problem, we use the current Limiting Type transistor between the current mirror
and the driving Transistor. In the current limiting Transistor, we use the simple gate to
drain shorted Transistor, and after that drain potential of this transistor pass to the gate
of NTFET_3, and the source potential pass to the gate of PTFET_3. NTFET_3 &
PTFET_3 combination form the splitting type inverter. We assign the proper sizing of
the splitting type inverter for proper level shifting operation (Figure 15.17).

In the below waveform, we observe that the TFET-based Improved Current
Mirror Level shifter circuit (LS6) has less power than the Current mirror level
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current mirror level shifter (LS6).

shifter because of the current limiting Transistor. A current-limiting transistor helps
to reduce the crowbar current flow from the Vppy to GND (Figure 15.18).

Table 15.7 compares the CMOS and TFET implementations of the improved
Current Mirror voltage Level Shifter (LS6). From the Table 15.7, we observe that
the Frequency of operation of CMOS-based improved current mirror-voltage level
shifter circuits is 17 MHz and the Frequency of operation of TFET-based improved
existing mirror voltage level shifter is 33 MHz.So this Improved current mirror
level shifter is helpful for high-speed working modules where the Frequency is in
the range of MHz.
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TABLE 15.7

Comparison Table of CMOS-Based Improved Current Mirror Voltage Level
Shifter (LS6) and TFET-Based Improved Current Mirror Voltage Level
Shifter (LS6)

Parameter CMOS-Based Improved TFET-Based Improved

Current Mirror Level Current Mirror Level
Shifter (LS6) Shifter (LS6)

Frequency of operation 17 MHz 33 MHz

Level shifting Range 0.25-1.2V 0.17-1.2 V

Total Power 4.36 pW 570.876 pW

Delay 4.96 nS 24.749 pS

Power Delay Product (PDP) 21.625 x 1075 ] 14.128 x 107" J

In the CMOS-based improved current mirror voltage level shifter, we obtained
power of 4.36 uW. and TFET-based improved existing mirror voltage level shifter;
we received less energy (570.876 pW). We received a delay of 24.794 pS in the
TFET-based improved current mirror voltage level shifter. In a CMOS-based im-
proved existing mirror voltage level shifter, we obtained 4.96 nS.

The improved current mirror voltage level shifter has a wide conversion range
because of the current mirror load. We obtained a 0.25 to 1.2V Level shifting range
in CMOS-based improved and 0.17 to 1.2V in TFET-based improved current mirror
level shifter.

15.4.3 TFET-BAsED WIiLSON CURRENT MIRROR LEVEL SHIFTER
(WCMLS)

The feedback transistor PTFET 3 uses the TFET-based Wilson Current Mirror
voltage level shifter to prevent static current. The voltage swing at the input node of
the first Vppy type inverter minimizes when the static turns off; this results in a
sizeable static current from Vppy to GND of the first Inverter. Furthermore, due to
the input First Vppy type inverter and charge transfer from the gate of PTFET 1 to
Drain of PTFET_3 via PTFET 3, the speed of the fall transition degrades dra-
matically. Instead of a high static current, the LS in [16] employs a logic error
correction circuit to provide low power dissipation. However, it has a problem of
low considerable latency and area. To circumvent the voltage swing issue in
WCMLS and eliminate the static current, the improved LS in [17] suggests an
input-controlled diode chain. However, this results in a considerable area and
sluggish transition speed (Figure 15.19).

In [3] a drain-to-source connected current limiter is employed to lower the
standby current successfully. However, this comes at a cost: a long delay and a vast
area. The LS in [17-19] uses a new topology based on a Current Mirror structure
and a level-shifting capacitor to achieve low power. Despite this, there is still a
significant amount of Delay and overhead (Figure 15.20).
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FIGURE 15.20 Waveform of Vin, Vour, IVpph, and IVppr, of TFET-based Wilson
Current Mirror Level Shifter (LS7).

The TFET-based Wilson current voltage level shifter from the above waveform
is the level shift from 0.1 to 1.2V. By seeing the waveform, we observe that at the
transition point, Wilson current mirror circuit has leakage because the feedback
transistor decreases the potential of input of the Vppy type inverter.

Table 15.8 compares the CMOS and TFET implementations of the Wilson
current mirror voltage level shifter (LS7). From Table 15.8, we observe that the
CMOS-based Wilson existing mirror Level shifter gives a better result at 10 MHz
frequency and the TFET-based Wilson current mirror gives a better response at
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TABLE 15.8

Comparison Table of CMOS-Based Wilson Current Mirror Voltage Level
Shifter (LS7) and TFET-Based Wilson Current Mirror Voltage Level
Shifter (LS7)

Parameter CMOS-Based Wilson TFET-Based Wilson
Level Shifter (LS7) Level Shifter (LS7)
Frequency of operation 10 MHz 25 MHz
Level shifting Range 02t0 1.2V 0.1to12V
Total Power 8.365 nW 636.29 pW
Delay 16.9 nS 42.39 pS
Power Delay Product (PDP) 141.368 x 10715 1 26.972 x 1072'J

25 MHz. From the CMOS-based Wilson current mirror level shifter, we got a level
shifting range of 0.2 to 1.2V; from the TFET-based Wilson existing mirror
level shifter, we obtained 0.1 to 1.2V.

By observation of Table 15.8, we see that the TFET-based Wilson current mirror
voltage level shifter has less Power, less Delay, and less PDP.

15.4.4 TFET-BASED IMPLEMENTATION OF EXISTING LEVEL SHIFTER

In the TFET-based implementation of the existing Level shifter, we use the diode-
connected Transistor in series with an inverter that reduces the current flow from
VDDH to GND. We used one PTFET parallel with this to improve the swing at the
input of the VDDH type inverter. Furthermore, the previously proposed voltage level
shifter eliminates the VDDL type of Inverter. We use only one Transistor, NTFE_4, to
decide the transition from VDDH to GND, resulting in a considerable increase in the
growth from VDDH to GND. The feedback transistor NTFET_1, which connects
NTFET_3 and the ground, prevents the current mirror from generating a sizeable
static current during high output and overcomes the charge transfer problem in the
Wilson current mirror level shifter [2]. In the previously proposed LS for Low to high
transition operation. When IN is high, NTFET_3 is activated, causing PTFET_2 to
generate the mirror current. The Mirror current charges the gate potential of
NTFET_2 & PTFET_3, then the input node of the VDDH type inverter is discharged
through NTFET_2, and the output goes high (Figure 15.21).

The discharged input node of a VDDH type inverter turns off NTFET _1 to reduce the
static current between PTFET_1 and NTFET_3, which reduces the voltage swing at
NTFET_2’s gate. In the reduced-swing buffer, the Drain to gate shorted Transistor
PTFET_S5 reduces the voltage swing at PTFET_3’s source to the same level as the voltage
swing at NTFET_2’s gate terminal. As a result, the excessive static current flowing via
PTFET_3 reduces, resulting in low standby power for the previously planned LS.

From the waveform shown in Figure 15.22, we observe that TFET-based
implementation of the existing voltage-level shifter level shift from 0.1 to 1V.
Leakage current is less in this topology.
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FIGURE 15.21 TFET-based implementation of existing voltage level shifter (LS8).
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FIGURE 15.22 Waveform of Vi, Vout, [Vppa, and IVppy of TFET-based previously
proposed level shifter (LS8).

Table 15.9 compares the CMOS and TFET-based implementation of the existing
voltage Level Shifter (LSS8).

From Table 15.9, we observe that the Conversion range of the existing imple-
mentation level shifter is from 0.1 to 1.2 V. The Frequency of operation of CMOS-
based implementation of the existing voltage level shifter is 12 MHz, and the
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TABLE 15.9

Comparison Table of CMOS-Based Implementation of Existing Voltage
Level Shifter (LS8) and TFET-Based Performance of Existing Voltage Level
Shifter (LS8)

Parameter CMOS-Based Proposed TFET-Based Proposed
Level Shifter (LS4) Level Shifter (LS4)

Frequency of operation 12 MHz 20 MHz

Level shifting Range 0.2-12V 0.1-1.2V

Total Power 12.438 nW 677.398 pW

Delay 7.5 nS 28.93 pS

Power Delay Product (PDP) 93.285 x 10717 J 19.597 x 1072 J

Frequency of process of TFET-based implementation of current level shifter gives a
better result at 20 MHz.

The main advantage is to use this topology to remove the VDDL type inverter and
decrease the leakage current. So the existing implementation of the Voltage level
shifter (LS8) has better power consumption and Delay than Wilson’s current mirror
voltage level shifter (LS7). We obtained less Power and Delay in this topology.

15.5 RESULTS AND DISCUSSION

The proposed TFET-based voltage Level shifter circuits have simulations for the
analysis and comparison using HSPICE and 20 nm Double gate InAs Model.
Different performance parameters are measured and compared with the existing
cells implemented in 20 nm technology—the device parameters and simulation
conditions for this analysis are in Table 15.10.

15.5.1 DEvICE PARAMETERS AND SIMULATION CONDITIONS

TABLE 15.10
TFET Parameter Used In Level Shifter

Process Parameter Value
Gate Length 20 nm
Eto 0.2 nm
Tch 5 nm
Vth 0.145V
Eg 0.354 eV
Vpbu 1.2V

Temperature 25°C
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15.5.2 FREQUENCY OF OPERATION

The Frequency of operation gives information regarding the optimum chosen
voltage level shifter operation, which offers a better result. As shown in
Table 15.11, it is clear that TFET-based voltage level shifters have a better
operation frequency than CMOS-based voltage level shifters. In all topologies
of voltage level shifter, the previously proposed current mirror voltage level
shifter works on a high frequency. In the TFET-based current mirror circuit,
we obtained a better response at 33MHz. The proposed Circuit is working on a
20 MHz frequency. But the proposed Circuit has better Power & Delay.

15.5.3 LeveL SHIFTING RANGE

TFET-based voltage level shifters have a better level shifting range than
CMOS-based. Because the lower value of the level shifting range depends upon
the Vppp type inverter, we can design less Vppp type inverter with the help
of TFET because the TFET device’s threshold is less than CMOS. In Table 15.12,
we obtained a comprehensive level shifting range of 0.1V to 1.2V in the TFET-
based Wilson current mirror-based voltage level shifter (LS7).

15.5.4 PoweR DissIPATION OF VOLTAGE LEVEL SHIFTER

In Table 15.13, we observe that TFET-based voltage Level shifters have less
power consumption than CMOS-based voltage level shifters. The proposed
level shifter (LS4) has less power than all topologies. Also, in Table 15.13, all

TABLE 15.11
Frequency of Operation of Level Shifter

Level Shifter Topology Frequency of Operation  Frequency of Operation
in TFET-Based Voltage  of CMOS-Based Voltage
Level Shifter Level Shifter
Cross coupled voltage level shifter (LS1) 20 MHz 1.2 MHz
proposed voltage level shifter (LS2) 20 MHz 1.2 MHz
Proposed voltage level shifter (LS3) 20 MHz 4.6 MHz
Proposed voltage level shifter (LS4) 20 MHz 8 MHz
Current Mirror voltage level shifter (LSS5) 33 MHz 18 MHz
Improved current mirror voltage level 33 MHz 17 MHz
shifter (LS6)
Wilson current mirror voltage level 25 MHz 10 MHz
shifter (LS7)
Existing implementation voltage level 20 MHz 12 MHz

shifter (LS8)
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TABLE 15.12

Level Shifting Range of all TFET-Based Level Shifter Topology

Level Shifter Topology

Cross coupled voltage level
shifter (LS1)
Proposed voltage level shifter (LS2)
Proposed voltage level shifter (LS3)
Proposed voltage level shifter (LS4)
Current mirror voltage level
shifter (LS5)
Improved current mirror voltage level
shifter (LS6)
Wilson current mirror voltage level
shifter (LS7)
Existing implementation voltage
level shifter (LS8)

Level Shifting Range of
TFET-Based Voltage
Level Shifter

0.25-12V
0.25-12V
02-12V

0.28-12V
0.17-12V
0.17-12V

0.1-12V

0.1-1.2V

Level Shifting Range of
CMOS-Based Voltage
Level Shifter

03-12V
03-12V
0.28-12V
035-12V
0.25-12V
0.25-12V

02-12V

0.2-1.2V

TABLE 15.13

Power Due to Supply of all Topology

Level Shifter Topology

Cross coupled voltage Level
shifter (LS1)
Proposed voltage level shifter (LS2)
Proposed voltage level shifter (LS3)
Proposed voltage level shifter (LS4)
Current mirror voltage level
shifter (LS5)
Improved current mirror voltage level
shifter (LS6)
Wilson current mirror voltage level
shifter (LS7)
Existing implementation voltage
Level shifter (LS8)

Total Power (pW) of
TFET-Based Voltage
Level Shifter

556.23
490.71
2963
424.483
873.47
570.876

636.29

677.398

Total Power (pW) of
CMOS-Based Voltage
Level Shifter

16.543
L.5
129
0.6662
38.65
4.36

8.365

12.438
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FIGURE 15.23 Power of all topology of TFET-based voltage level shifter.

TFET-based voltage level shifter circuits except the Proposed level shifter (LS3)
have power dissipation in the range of pW, and CMOS-based voltage level
shifters have power consumption in the field of pW.

Figures 15.23 and 15.24 show the power dissipation of TFET and CMOS
implementation of various Level Shifter circuits.

15.5.5 DrLAY oF TFET-BASED VOLTAGE LEVEL SHIFTER

The Delay of the TFET-based voltage level shifter circuits is less than CMOS-
based voltage level shifter because the Ion/Ioff ratio of the TFET device is higher
than the CMOS device. So due to the higher Ton/Ioff ratio, the parasitic capacitor
is charged and discharged fast, which, ’s by TFET-based voltage level shifter, has
less Delay.

In the TFET-based voltage level shifter, we get a delay in the picosecond range.
In the proposed TFET-based voltage Level shifter circuit (LS3), we obtained a
postponement of 3.874 pS. The proposed Circuit (LS3) is faster because we use
a multiplexer (Table 15.14; Figures 15.25 and 15.26).

From the above-shown graph, we see that the Delay of the proposed voltage
level shifter (LS3) is a less because of the use of the multiplexer. We use the two
cross-coupled inverters in the proposed voltage level shifter (LS3) for the proper
voltage level of the select line of the multiplexer so that the multiplexer works
appropriately.
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FIGURE 15.24 Power of all topology of CMOS-based voltage level shifter.

TABLE 15.14

Delay of All Level Shifter Topology

Level Shifter Topology

Cross coupled voltage Level
shifter (LS1)
Proposed voltage Level shifter (LS2)
Proposed voltage Level shifter (LS3)
Proposed voltage Level shifter (LS4)
Current Mirror voltage Level
shifter (LS5)
Improved current mirror voltage level
shifter (LS6)
Wilson current mirror voltage level
shifter (LS7)
Existing implementation voltage level
shifter (LS8)

Delay vs. All circuits

Delay (pS) of TFET-Based
Voltage Level Shifter

71.389
64.180
3.874
9.1921
53914
24.749

42.3931

28.93

Delay (nS) of CMOS-Based
Voltage Level Shifter

31.7
23.34
0.744

4.14

17.5

4.96

16.9

7.5
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FIGURE 15.25 Delay of all topology TFET-based voltage level shifter.
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15.5.6 PDP oF TFET-BASED VOLTAGE LEVEL SHIFTERS

From Figures 15.27 and 15.28, we observe that the TFET-based voltage level
shifter’s power delay product is better than CMOS-based voltage level shifters. It
is a product of Delay and Power. We calculate PDP in joules. In the TFET-
based voltage level shifter, we obtained PDP in the range of *107-21J and
CMOS-based voltage level shifters in the field of *107-15J. We received better
PDP in the TFET-based proposed voltage level shifter (L.S4).

8

676.375

g 8

524413

g 8 8

PDP(*10A-15joule)

g

95.976 114368 9385

Ny 21625 . M
& X 3 & & & S &
L
O

N 3
Q

AR N
N

-
o 8
w
i
| B
-

CMOS Based Voltage Level shifters

FIGURE 15.27 PDP of all topology CMOS-based voltage level shifter.
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FIGURE 15.28 PDP of all topology TFET-based voltage level shifters.
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15.6 IMPORTANCE OF PERFORMANCE METRICS OF
LEVEL SHIFTERS

» TFET-based voltage level shifter circuits perform better at higher fre-
quencies (33 MHz). We can use a TFET-based current mirror voltage level
shifter (LS5) & TFET-based improved current mirror voltage level shifter
(LS6) for Higher frequency applications (33MHz).

* TFET-based circuits have a better level shifting range; in TFET-based
Wilson current mirror voltage level shifter (LS7) & existing implementation
of TFET-based voltage level shifter (LS8), we obtained a Max range (0.1 to
1.2V). We can use this type of Circuit where the supply voltage is low.

* The TFET-based voltage Level shifter’s power is low compared to the
CMOS-based voltage level shifter; in TFET-based proposed voltage level
shifter (LS4) has minimum power (424.983 pW). We can use this Circuit
for low-power applications.

* The Delay of the TFET-based voltage level shifter Circuit is less compared
to the CMOS-based voltage level shifter because switching in TFET
devices is very fast. We obtained a min delay in the TFET-based proposed
voltage level shifter (LS3) (4.84 pS). We can use this Circuit where we
require min delay.

15.7 CONCLUSION

TFET-based circuits have a lower threshold that’s by a lower conversion range of
the TFET-based voltage level shifter is less as compared to CMOS circuits. In the
existing TFET-based voltage level shifter implementation, we obtained the level
shifting range from 0.1 to 1.2V. TFET-based proposed voltage level shifter (LS2) is
the Improvement of the TFET-based cross-coupled voltage level shifter in terms of
power. In TFET-based suggested voltage (LS2), we use a current limiting
Transistor, and output takes from a splitting type inverter. TFET-based proposed
voltage level shifter (LS3) is an improvement in terms of Delay, and this Circuit is
the fastest in all voltage level shifter circuits. TFET-based proposed voltage level
shifter (LS4) is an improvement both in terms of Power & Delay. Overall, PDP is
Better in LS4 Circuit. TFET-based Wilson current mirror voltage level shifter (LS7)
is the Improvement of the Current mirror-type voltage-level shifter by inserting the
feedback transistor So that current is not flowing from VDD to GND. In this work,
we have proposed three topologies of level shifter circuits with the advantages of
Delay, Power, and PDP, respectively.
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