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ABSTRACT Tunnel field-effect transistors (TFETs) are being examined as a possible replacement ofMOS-
FETs for digital applications. However, TFETs have small ON-state current and, typically, exhibit reduced
speed compared with conventional MOSFETs. Nevertheless, TFETs have some distinct characteristics that
can be exploited for digital applications. In this article, using simulations, we show that a single device,
in which two terminals are biased independently, can realize all primary two-input Boolean functions, such as
AND, OR, NAND, NOR, XOR, and XNOR. Bymodifying the architecture of double-gate TFET (DGTFET) slightly
and appropriately choosing device parameters, the Boolean functions AND, OR, NAND, NOR, and XNOR can be
implemented. In addition, we propose a twin double-gate (TDG) TFET architecture, which can implement
the inhibition functions A′B and AB′. By suitably combining the inhibition functions, an XOR functionality
can be obtained in a single device. These implementations demonstrate that the unique characteristics of
TFET, such as ambipolar conduction and dependence of tunneling on the gate–source/drain overlaps, can be
exploited to realize logic functions compactly.

INDEX TERMS Double-gate tunnel field-effect transistor (FET), independent gate control, ON-state current
to OFF-state current ratio, twin double-gate (TDG) structure, two-variable Boolean functions.

I. INTRODUCTION

COMPLEMENTARY metal–oxide–semiconductor
(CMOS) technology has been used over the past four

decades to realize digital circuits since it provides excel-
lent performance, extremely small standby power consump-
tion, low cost, and good reliability characteristics [1]–[3].
However, the continued downscaling of device dimensions
has caused the conventional metal–oxide–semiconductor
field-effect transistor (MOSFET)-based devices to exhibit
undesirable characteristics, such as high leakage current
[4]–[6]. Consequently, the threshold voltage of the transistors
and the supply voltage of the digital circuits cannot be further
reduced in MOSFETs without degrading the performance
and the energy efficiency. This is due to the limitation of the
subthreshold swing of the MOSFET, which cannot be lower
than 60 mV/decade at room temperature [6]–[8]. Therefore,
researchers have been exploring devices based on different
operating principles and exhibiting sub-60-mV/decade sub-
threshold swing [8]–[10]. Among these exploratory devices,

tunnel FETs (TFETs) have attracted a great deal of attention
[2], [8], [11]–[14]. Although the application of a TFET in
digital circuits is challenging due to low ON-state current
and a high ambipolar current, certain digital circuits, such
as inverters, and arithmetic circuits have been demonstrated
in the literature [6], [8], [14]–[17].

In this article, the implementation of Boolean func-
tions, such as AND, OR, NAND, NOR, and XNOR, have been
shown to be realized using a single double-gate TFET
(DGTFET) requiring fewer transistors in comparison to
the conventional CMOS-based implementations [18], [19].
It is shown that, when the architecture of a DGTFET is
slightly modified, and the device parameters are appro-
priately chosen, the DGTFET can implement the required
two-input Boolean functions. Furthermore, a twin DGTFET
(TDG-TFET) structure has been shown to realize the inhibi-
tion functions A′B and AB′. Using these inhibition functions,
the implementation of the DGTFET-based XOR function is
demonstrated.
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The rest of this article is organized as follows. Section II
explains the basic terminology related to this work and the
simulation model. Section III describes how a DGTFET
can realize the OR and NAND Boolean functions. Section IV
describes how the gate–source overlap can help in mini-
mizing IOFF and obtaining AND and NOR Boolean functions.
In SectionV, the realization of theXNOR function is discussed.
Section VI demonstrates how the proposed TDG-TFET can
implement inhibition functions and be combined to obtain
the XOR function. Section VII explains how transistors that
exhibit complementary functions are combined to realize
CMOS-type logic gates.

II. BASIC TERMINOLOGY AND SIMULATION MODEL
In this work, we treat the voltage VDD (=0.5 V) and ground
(=0 V) as logic ‘‘1’’ and logic ‘‘0,’’ respectively. When the
gates of theDGTFET are biased at logicA andB, respectively,
the input to the function can be represented as ‘‘AB.’’ There-
fore, four possible inputs are ‘‘00,’’ ‘‘01,’’ ‘‘10,’’ and ‘‘11.’’
The drain current flowing through the device corresponding
to the input ‘‘AB’’ is denoted as IAB. In these logic func-
tion realizations, the magnitude of drain current IAB flowing
through the device depends on the input to the function
(‘‘AB’’) and is modulated in accordance with the intended
functionality. Table S.1 shows the input to the functions and
the corresponding current flowing through the device, IAB
in the Supplementary Material. When the expected output
is logic ‘‘0’’ for the function, a low current flows through
the DGTFET and is termed IOFF, and when expected out-
put is logic ‘‘1’’ for the function, a high current flows
through the DGTFET and is termed ION. For DGTFET-based
logic function realizations, it is desirable to achieve a suffi-
cient ION/IOFF ratio to differentiate between logic ‘‘0’’ and
logic ‘‘1.’’

In this article, all simulations have been carried out using
Atlas version 5.22.1.R [20]. A nonlocal band-to-band tun-
neling (BTBT) model has been used to compute the tunnel-
ing current [21]–[26]. We have considered the Fermi–Dirac
statistics and bandgap narrowing effects (for highly doped
regions). Furthermore, we have considered the Shockley–
Read–Hall recombination model and the Lombardi mobility
models in our simulations. We have calibrated the simulation
model using [27], and the same simulation setup has been
used in [18] and [28]. More detail of the simulation frame-
work is given in the Supplementary Material.

III. REALIZING OR AND NAND BOOLEAN
FUNCTIONS USING DGTFET
Fig. 1(a) shows the cross-sectional view of an n-type
DGTFET. The top gate is called G1, and the bottom gate
is called G2. Conventionally, the two gates are tied together
to boost the ON-state current [6], [28]. However, in the
DGTFET-based Boolean function implementation, the two
gates are biased independently at the voltages: VA and VB.

In an OR function implementation, the BTBT should occur
when one or both the inputs are at logic ‘‘1’’ (refer Table S.1

FIGURE 1. Cross-sectional view of (a) n-type DGTFET realizing
OR Boolean function and (b) p-type DGTFET realizing NAND
Boolean function.

FIGURE 2. Band diagram of a DGTFET realizing OR Boolean
function, along X-axis VDS = 0.5 V, for input combinations:
(a) ‘‘00,’’ (b) ‘‘01,’’ (c) ‘‘10,’’ and (d) ‘‘11.’’

in the Supplementary Material). Therefore, a conventional
n-type DGTFET with independent gate-control performs the
OR Boolean function. Similarly, in a NAND function imple-
mentation, the BTBT should occur when one or both the
inputs are at logic ‘‘0.’’ Therefore, it can be realized using
p-type DGTFET with independent gate control, as shown
in Fig. 1(b). The device parameters used in the simulations
for the DGTFET-based functions are listed in Table S.2 in
the Supplementary Material.

Fig. 2 illustrates the band diagrams across the length of the
device for DGTFET realizing OR Boolean function for differ-
ent input combinations, showing that the BTBT is enabled
in the ‘‘01,’’ ‘‘10,’’ and ‘‘11’’ cases. Fig. 3 illustrates the
band diagrams across the length of the device for DGTFET
realizing NAND Boolean function for different input combi-
nations, showing that the BTBT is enabled in ‘‘00,’’ ‘‘01,’’
and ‘‘10’’ cases. Furthermore, the transfer characteristics of
the DGTFET realizing OR function are shown in Fig. 4(a).
The transfer characteristics of the DGTFET realizing NAND

function are shown in Fig. 4(b). These realizations provide
an ION/IOFF ratio of ∼108 at VDD = 0.5 V.
It is worth pointing out that the ION/IOFF ratio is sensitive

to process-induced variations. For example, due to process-
induced variations, the gates can shift creating underlap or
overlap with the source. Using simulations, it is found that,
when both the gates shift by 5 nm creating underlap with the
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FIGURE 3. Band diagram of a DGTFET realizing NAND Boolean
function, along X-axis VDS = 0.5 V, for input combinations:
(a) ‘‘00,’’ (b) ‘‘01,’’ (c) ‘‘10,’’ and (d) ‘‘11.’’

FIGURE 4. Transfer characteristics of DGTFET realizing (a) OR
and (b) NAND Boolean functions.

source, the ION/IOFF ratio reduces from 1 × 108 to 6 × 107.
Similarly, when both the gates shift by 5 nm, creating overlap
with the source, the ION/IOFF ratio reduces from 1 × 108 to
1× 107.
Moreover, it is important to examine the effect of change in

gate length on the ION/IOFF ratio. We notice that the ION/IOFF
ratio remains unaffected for LG ≥ 30 nm and then decreases.
However, the functionality remains intact for LG ≥ 20 nm
though the ION/IOFF ratio decreases to 1× 107.

IV. REALIZING AND AND NOR BOOLEAN
FUNCTIONS USING DGTFET
The AND function requires the BTBT to occur only when the
input is ‘‘11.’’ The DGTFET realizing OR conducts in the
‘‘01,’’ ‘‘10,’’ and ‘‘11’’ cases. Therefore, to obtain a DGTFET
realizing AND function, there is a need to stop the conduction
in ‘‘01’’ and ‘‘10’’ cases. For this, employing gate–source
overlap has been suggested in [18]. Fig. 5 shows the band
diagram of the DGTFET without gate–source overlap. It can
be observed that tunneling is enabled near the gates (across
the cutlinesXX ′ and ZZ ′) at all bias conditions.We refer to the
tunneling near the silicon–dielectric interface as the surface
tunneling. However, tunneling occurs in the middle of the
silicon body (across the cutline YY ′) when the input at both
the gates (top gate and bottom gate) is high [see Fig. 5(d)].
We refer to the tunneling deep inside the silicon body as body

FIGURE 5. Band diagram along the X-axis for different cut lines,
XX ′, YY ′, and ZZ′, at VDS = 0.5 V without gate–source overlap,
for input combinations: (a) ‘‘00,’’ (b) ‘‘01,’’ (c) ‘‘10,’’ and (d) ‘‘11.’’

tunneling. These band diagrams suggest that, if we can inhibit
the surface tunneling, then the tunneling current in the ‘‘01’’
and ‘‘10’’ cases will be negligible (since the body tunneling
is not occurring at these bias conditions).

FIGURE 6. Band diagram of a DGTFET realizing AND Boolean
function, along the X-axis at VDS = 0.5 V with varying
gate–source overlap from 0 to 20 nm, for input combinations:
(a) ‘‘10’’ and (b) ‘‘01.’’

Fig. 6 shows that the addition of the gate–source overlap
affects the band alignment of the device such that the sur-
face tunneling (along the cutline XX ′ and ZZ ′) is inhibited.
When Lov = 0, the tunneling barrier width is low at the
tunneling junction, as shown in Fig. 6. Therefore, a high IOFF
(∼10−9 A/µm) flows through the device. As Lov increases,
the tunneling barrier width increases, and BTBT decreases,
as shown in Fig. 6. However, when Lov is increased beyond
20 nm, no further decrease in the drain current is observed.
Therefore, Lov = 20 nm is chosen to minimize the OFF-state
current for the inputs ‘‘01’’ or ‘‘10.’’ The cross-sectional
view of the DGTFET performing the AND function is shown
in Fig. 7. The device parameters used in the simulations for
the DGTFET-based AND function are listed in Table S.2 in
the Supplementary Material. The band diagrams for DGT-
FET realizing AND Boolean function across the length of the
device for different input combinations are shown in Fig. 8,
illustrating that the BTBT is enabled for the ‘‘11’’ case.

The transfer characteristics of the DGTFET performing
AND function is shown in Fig. 9. The ION/IOFF ratio of orders
∼107 at VDD = 0.5 V is observed. Furthermore, it is impor-
tant to analyze the impact of silicon body thickness (tsi) on
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FIGURE 7. Cross-sectional view of DGTFET realizing AND
Boolean function [18].

FIGURE 8. Band diagram of a DGTFET realizing AND Boolean
function, along the X-axis at VDS = 0.5 V, for input
combinations: (a) ‘‘00,’’ (b) ‘‘01,’’ (c) ‘‘10,’’ and (d) ‘‘11.’’

FIGURE 9. Transfer characteristics of DGTFET realizing AND
Boolean function.

the electrical characteristics of the DGTFET that realizes the
AND logic function. It is found that, as tsi increases, the body
tunneling decreases since the impact of the gate bias inside
the silicon body becomes weak. This leads to an increase in
the tunneling barrier width, as shown in Fig. 10. Since the tun-
neling barrier width increases, the BTBT and ION decreases.
This, leads to undesirable degradation in the ION/IOFF ratio.
Therefore, a high tsi is not preferred for a DGTFET that
realizes the AND function. Nevertheless, tsi cannot be too
low since the gate–source overlap inhibits BTBT throughout
the silicon body. Therefore, for a reasonable ION/IOFF ratio,
a tsi ∼ 10 nm is chosen.

FIGURE 10. Band diagram of a DGTFET realizing AND Boolean
function, along the X-axis at VDS = 0.5 V, for input
combinations ‘‘11’’ with varying tsi.

FIGURE 11. Cross-sectional view of DGTFET realizing NOR
Boolean function.

TheNORBoolean function requires the BTBT to occur only
when the input is ‘‘00.’’ The DGTFET realizing OR conducts
in the ‘‘00,’’ ‘‘01,’’ and ‘‘10’’ cases. Therefore, to obtain a
DGTFET realizing NOR function, there is a need to stop the
conduction in the ‘‘01’’ and ‘‘10’’ cases. For this, the tech-
nique of gate–source overlap can be used, as described earlier.
Therefore, the gate–source overlap is added to the DGTFET
to obtain NOR function, as shown in Fig. 11. The device
parameters used in the simulations for the DGTFET-based
NOR function are listed in Table S.2 in the Supplementary
Material. The band diagrams of the DGTFET realizing NOR

Boolean function are shown in Fig. 12, showing that the
BTBT is enabled only in the ‘‘00’’ case. The transfer charac-
teristics of the DGTFET performing NOR function are shown
in Fig. 13. The ION/IOFF ratio of ∼107 at VDD = 0.5 V is
observed.

We also studied the effect of change in the gate–
source overlap due to process-induced variations. We found
that, when the gate–source overlap changes by ±5 nm,
the ION/IOFF ratio is not significantly impacted.
We also examine the effect of the change in the gate length

on the ION/IOFF ratio. We noticed that the ION/IOFF ratio
remains unaffected for LG ≥ 30 nm and then decreases.
However, the functionality remains intact for LG ≥ 20 nm
though the ION/IOFF ratio decreases to 5× 105. Furthermore,
the functionality remains intact till Lov = 10 nm with an
ION/IOFF ratio of 5×106 at LG = 30 nm.When Lov < 10 nm,
the ION/IOFF ratio starts decreasing sharply, and the function-
ality is lost.
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FIGURE 12. Band diagram of a DGTFET realizing NOR Boolean
function, along the X-axis VDS = 0.5 V, for input combinations:
(a) ‘‘00,’’ (b) ‘‘01,’’ (c) ‘‘10,’’ and (d) ‘‘11.’’

FIGURE 13. Transfer characteristics of DGTFET realizing NOR
Boolean function.

V. REALIZING XNOR BOOLEAN FUNCTION
USING DGTFET
The XNOR Boolean function requires the BTBT to occur
when the input is either ‘‘00’’ or ‘‘11’’ and to be inhib-
ited when the input is either ‘‘01’’ or ‘‘10.’’ The inhibition
of the BTBT in the device can be achieved by using the
gate-overlap technique. When the input is ‘‘00,’’ BTBT can
be enabled using p-type DGTFET as in the NOR function
realization. Similarly, when the input is ‘‘11,’’ BTBT can
be enabled using n-type DGTFET as in the AND function
realization. Therefore, to obtain an XNOR function, a p-TFET
and an n-TFET are required. However, to avoid using two
devices, we propose to exploit the ambipolar conduction of
the TFET. By using dual-material gate (DMG) and suitable
work functions φ1 and φ2, tunneling occurs at the source–
channel junction in the ‘‘11’’ case (as in the AND function)
and the drain–channel junction (due to ambipolar conduction)
in the ‘‘00’’ case (as in the NOR function). Moreover, since
tunneling is occurring at the source–channel junction and the
drain–channel junction, in addition to the gate–source over-
lap, we employ the gate–drain overlap to inhibit the surface
tunneling in the ‘‘01’’ and ‘‘10’’ cases.

The DGTFET realizing the XNOR function is shown
in Fig. 14. The device parameters used in the simulations for
the DGTFET-based XNOR function are listed in Table S.2 in

FIGURE 14. Cross-sectional view of DGTFET realizing XNOR
Boolean function.

FIGURE 15. Band diagram of a DGTFET realizing XNOR Boolean
function, along the X-axis VDS = 0.5 V, for input combinations:
(a) ‘‘00,’’ (b) ‘‘01,’’ (c) ‘‘10,’’ and (d) ‘‘11.’’

FIGURE 16. Transfer characteristics of DGTFET realizing XNOR
Boolean function.

the Supplementary Material. Fig. 15 illustrates the band dia-
grams across the length of the device for different input com-
binations, showing that the BTBT is enabled in the ‘‘00’’ and
‘‘11’’ cases. The transfer characteristics of the DGTFET real-
izing the XNOR function are shown in Fig. 16. The ION/IOFF
ratio for this implementation is ∼107 at VDD = 0.5 V.

For the proposed XNOR function, the gate–source and gate–
drain overlaps can change due to process-induced varia-
tions. We found that, when the gate–source and gate–drain
overlaps are changed by ±5 nm, the ION/IOFF ratio is not
significantly impacted. Moreover, the functionality remains
intact till Lov = 10 nm with an ION/IOFF ratio of 5 × 106.
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For Lov < 10 nm, the ION/IOFF ratio decreases sharply, and
the functionality is lost.

Moreover, we examine the effect of change in the gate
length on the ION/IOFF ratio. It is noticed that the ION/IOFF
ratio remains unaffected for LG ≥ 40 nm and then decreases.
However, the functionality remains intact for LG ≥ 30 nm
though the ION/IOFF ratio decreases to 1× 106.

VI. REALIZING XOR BOOLEAN FUNCTION
USING DGTFET
The XOR Boolean function requires that BTBT occurs when
the input is ‘‘01’’ or ‘‘10’’ and be inhibited when input is
‘‘00’’ or ‘‘11’’‘. In all the abovementioned implementations,
we have inhibited tunneling in the ‘‘01’’ and ‘‘10’’ cases
using the gate–source or gate–drain overlaps. However, for
XOR function, the tunneling needs to be maximized in the
‘‘01’’ and ‘‘10’’ cases. This requirement is opposite to the
functions realized earlier. Therefore, the XOR function cannot
be realized using earlier described techniques. We propose
to realize the XOR function (A ⊕ B = A′B + AB′) as the
combination of inhibition functions A′B and AB′ [1], [3].

FIGURE 17. Cross-sectional view of a TDG-TFET that realizes
inhibition function. (a) A′B. (b) AB′.

A. REALIZING INHIBITION FUNCTIONS USING DGTFET
Fig. 17(a) shows the cross-sectional view of the proposed
TDG-TFET in which there are two gates at the top called
G1 and G2, separated by a gap Lgap. Similarly, there are two
gates at the bottom corresponding to the top gatesG1 andG2.
Thus, a twin double-gate (TDG) structure is formed. The
gates G1 and G2 are made up of different materials, with
workfunctions φ1 and φ2, respectively. The key aspect of a
TDG-TFET is that the twin gates are able to modulate the
BTBT at their interfaces as per the required functionality. The
structure can be fabricated using the techniques reported in
[28], [33], and [34].

First, we explain the function of a TDG-TFET realizing
A′B, as shown in Fig. 17(a). For easier explanation, the chan-
nel is divided into two regions: P and Q. The workfunction φ1
is chosen such that the region P becomes p-type (rich in holes)
when VA = 0 and is depleted when VA = VDD. Similarly,
the workfunction φ2 is chosen such that the region Q becomes
n-type (rich in electrons) when VB = VDD and is depleted
when VB = 0. The electron and the hole concentrations for
different input combinations are shown in Fig. 18. For the
input combination ‘‘01,’’ the region P is rich in holes, and

FIGURE 18. Carrier Concentrations of a DGTFET realizing ‘‘A′B’’
Boolean function, along the X-axis at VDS = 0.5 V, for input
combinations: (a) ‘‘01,’’ (b) ‘‘00,’’ (c) ‘‘10,’’ and (d) ‘‘11.’’

FIGURE 19. Band diagram of a DGTFET realizing ‘‘A′B’’ Boolean
function, along the X-axis at VDS = 0.5 V, for input
combinations: (a) ‘‘01,’’ (b) ‘‘00,’’ (c) ‘‘10,’’ and (d) ‘‘11.’’

the region Q is rich in electrons, as shown in Fig. 18(a).
Therefore, the conduction and the valence bands get aligned,
and the BTBT is enabled at the boundary of regions P and Q,
as shown in Fig. 19(a). For the other three input conditions,
either region P or Q or both remain depleted, as shown
in Fig. 18(b)–(d). Thus, BTBT is inhibited under the other
three input conditions, as illustrated in Fig. 19(b)–(d).
The transfer characteristics of a TDG-TFET realizing A′B

is shown in Fig. 20(a). Furthermore, the other inhibition
function AB′ can be realized just by interchanging the inputs
at the gates G1 and G2, as shown in Fig. 17(b). The trans-
fer characteristics of a TDG-TFET realizing AB′ is shown
in Fig. 20(b).

By combining TDG-TFETs that realize A′B and AB′, XOR
can be implemented, as shown in Fig. 21. For compact-
ness, the source of the TDG-TFETs is shared. The device
parameters used in the simulations for the DGTFET-based
XOR function are listed in Table S.2 in the Supplementary
Material. Fig. 22 illustrates the band diagrams across the
length of the device for different input combinations, showing
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FIGURE 20. Transfer characteristics of a TDG-TFET realizing
(a) A′B and (b) AB′.

FIGURE 21. Cross-sectional view of TDG-TFET realizing XOR
Boolean function.

FIGURE 22. Band diagram of a DGTFET realizing XOR Boolean
function, along the X-axis at VDS = 0.5 V, for input
combinations: (a) ‘‘00,’’ (b) ‘‘01,’’ (c) ‘‘10,’’ and (d) ‘‘11’’ (drain1,
source, and drain2 have been indicated as D1, S2, and D2,
respectively, in these figures.).

that the BTBT is enabled in the ‘‘01’’ and ‘‘10’’ cases. The
transfer characteristics of the proposed XOR function is shown
in Fig. 23. The ION/IOFF ratio is observed to be 2 × 108 at
VDD = 0.5 V.
Furthermore, it is important to note that the process-

induced variations can change the gap Lgap between the gate
electrodes G1 and G2 in the device. When Lgap increases to
10 nm, the ION/IOFF ratio reduces from 2 × 108 to 5 × 106.
This decrease is due to the decrease in the sharpness of the
band diagram profiles at the tunneling junctions.

Moreover, we examine the change in the ION/IOFF due to
the change in the gate length. We notice that the ION/IOFF
ratio remains unaffected for LG ≥ 30 nm and then decreases.
However, the functionality remains intact for LG ≥ 20 nm
though the ION/IOFF ratio decreases to 1× 107.

FIGURE 23. Transfer characteristics of DGTFET realizing XOR
Boolean function.

FIGURE 24. Schematic of DGTFET-based (a) NAND gate, (b) AND
gate.

VII. IMPLEMENTING LOGIC GATES
Using the Boolean function implementations proposed in
Sections III–VI, we demonstrate that CMOS-type two-input
logic gates can be implemented in a compact manner. It can
be noted that the six Boolean functions proposed in the pre-
vious sections form three complementary pairs: AND–NAND,
OR–NOR, and XOR–XNOR. These complementary Boolean
functions can be used in the pull-up and pull-down configura-
tions to realize CMOS-type two-input logic gates, as shown
in Fig. 24. For instance, when the pull-up configuration is
the NAND function and the pull-down configuration is the
AND function, the circuit works as a CMOS-type NAND gate.
When either of the two inputs is at logic ‘‘0,’’ then the
current flows through the NAND function (a low-resistance
path exists between VDD and the output node), and the output
is pulled up to logic ‘‘1.’’ However, when both the inputs
are at logic ‘‘1,’’ the current flows through the AND function
(a low-resistance path exists between Gnd and the output
node), and the output is pulled down to logic ‘‘0.’’ Note
that, due to the complementary functionality, when the pull-
up transistor is switched on, the pull-down transistor is
switched off, and vice versa. Thus, the outputs of the proposed
two-input gates are always connected to VDD or Gnd through
a low-resistance path, similar to CMOS logic gates. The
static characteristics of the NAND gate are shown in Fig. 25.
Similarly, all other two-input logic gates can be obtained
using these Boolean function implementations. These imple-
mentations employ fewer transistors than the conventional
CMOS implementation of logic gates. Therefore, the pro-
posed implementations are more compact and are expected
to reduce equivalent load capacitance.

The performance metrics of the proposed implementations
are listed in Table 1. We have used the effective drive current
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TABLE 1. Performance metrics of the DGTFET-based Boolean
functions.

FIGURE 25. Static characteristics of DGTFET realizing NAND
gate.

method proposed in [35] to estimate the delay of these imple-
mentations. However, to accurately compute and compare
the performance of the proposed implementation with the
CMOS-based implementations, more rigorous analysis based
on transient simulations is required [18], [19]. The delays of
the proposed implementations presented in Table 1 are very
high compared with the state-of-the-art CMOS logic gates.
This is expected since the abovementioned implementations
are obtained using Si-based TFETs, and it is well known
that Si-based TFET circuits exhibit higher delay due to low
ION and high CGD [13], [18], [19], [36], [37]. Nevertheless,
it is important to mention that this article does not claim that
the proposed realizations can outperform the state-of-the-art
CMOS logic gates in terms of performance. However, in the
future, the techniques demonstrated in this work can possibly
be adapted to TFETs that exhibit higher ION and that compete
with CMOS.

It is worth pointing out that, in this work, we have only
considered two-input logic gates. However, for practical
applications, implementing Boolean functions of more input
variables is necessary. Using the devices proposed in this
work, stacked and cascaded implementations of the Boolean
functions are possible.

Fig. 26(a) illustrates how a four-input AND gate can
be implemented by stacking four transistors. Though the
abovementioned implementation is functionally correct,
there are several challenges in the stacked implementation.
For a large number of inputs, the delay will significantly
increase due to the resistances of the series transistors,
the capacitance of the internal nodes, increased input capac-
itance, and self-loading effects. In TFET implementations,
we need to additionally consider the impact of increased
CGD, including Miller effects and low ON-state current [37],

FIGURE 26. Four-input AND gate. (a) Stacked implementation.
(b) Cascaded implementation.

[38]. Fig. 26(b) illustrates how a four-input AND gate can
be implemented by cascading two-input AND gates. This
implementation will require six transistors (two transistors
for each AND gate), which is still less than the traditional
CMOS implementation that requires ten transistors. Though
the proposed implementations consume fewer transistors,
there are several nontrivial challenges in these implemen-
tations. We can observe from Table 1 that the transistors
providing complementary functions are not fully balanced.
This can result in noisemargin reduction, asymmetric rise/fall
delays, output logic levels degradation, and increased power
consumption in the subsequent logic gates [39]. Balancing the
complementary devices is challenging due to the dependence
of subthreshold swing on the gate voltage [38]. It can incur
additional area, increase input capacitance, and impact the
delay of the preceding gate. In addition, when TFETs are
cascaded, high settling time, output voltage degradation, and
susceptibility to crosstalk become important due to superlin-
ear onset of saturation in the output characteristics, ambipolar
conduction, dominantCGD, and high ON-state resistance [17],
[37], [40]. We need to address these problems in the proposed
implementation also.

VIII. CONCLUSION
In this article, we have demonstrated that the unique charac-
teristics of TFET, such as ambipolar conduction and depen-
dence of BTBT on the gate–source/drain overlaps, can be
exploited to realize logic functions compactly. It is worth
pointing out that many researchers have proposed to eliminate
ambipolar current and make TFETs similar to MOSFETs
for digital applications. However, in this work, we have
shown that distinct electrical characteristics of TFETs can
be exploited, and certain differences with MOSFETs can be
tolerated for useful applications. Though low ON-state current
of TFETs remains a primary concern for researchers, novel
circuit applications are possible using TFETs.

REFERENCES
[1] S. L. Hurst, VLSI Custom Microelectronics: Digital: Analog, and Mixed-

Signal. Boca Raton, FL, USA: CRC Press, Nov. 1998.
[2] Y. Khatami and K. Banerjee, ‘‘Steep subthreshold slope n- and p-type

tunnel-FET devices for low-power and energy-efficient digital circuits,’’
IEEE Trans. Electron Devices, vol. 56, no. 11, pp. 2752–2761, Nov. 2009.

[3] M. M. Mano and C. Michael, Digital Design: With An Introduction to the
Verilog HDL. London, U.K.: Pearson, 2013.

VOLUME 6, NO. 2, DECEMBER 2020 153



IEEE Journal on Exploratory Solid-State Computational Devices and Circuits

[4] R. Mukundrajan, M. Cotter, V. Saripalli, M. J. Irwin, S. Datta, and
V. Narayanan, ‘‘Ultra low power circuit design using tunnel FETs,’’
in Proc. IEEE Comput. Soc. Annu. Symp. VLSI, Amherst, MA, USA,
Aug. 2012, pp. 153–158.

[5] S. Datta, R. Bijesh, H. Liu, D. Mohata, and V. Narayanan, ‘‘Tunnel
transistors for low power logic,’’ in Proc. IEEE Compound Semicon-
ductor Integr. Circuit Symp. (CSICS), Monterey, CA, USA, Oct. 2013,
pp. 1–4.

[6] S. Saurabh and M. J. Kumar, Fundamentals of Tunnel Field-Effect Tran-
sistors. Boca Raton, FL, USA: CRC Press, Oct. 2016.

[7] K. P. Cheung, ‘‘On the 60mV/dec@300 k limit forMOSFET subthreshold
swing,’’ in Proc. Int. Symp. VLSI Technol., Syst. Appl., Hsinchu, Taiwan,
2010, pp. 72–73.

[8] A. M. Ionescu and H. Riel, ‘‘Tunnel field-effect transistors as energy
efficient electronic switches,’’ in Nature, vol. 479, no. 7373, p. 329–337,
Nov. 2011.

[9] Z. Krivokapic, A. Aziz, D. Song, U. Rana, R. Galatage, and S. Banna,
‘‘NCFET: Opportunities & challenges for advanced technology nodes,’’ in
Proc. 5th Berkeley Symp. Energy Efficient Electron. Syst. Steep Transistors
Workshop (E3S), Berkeley, CA, USA, Oct. 2017, pp. 1–3.

[10] S. Ramaswamy and M. J. Kumar, ‘‘Junctionless impact ionization MOS:
Proposal and investigation,’’ IEEE Trans. Electron Devices, vol. 61, no. 12,
pp. 4295–4298, Dec. 2014.

[11] W. Young Choi, B.-G. Park, J. Duk Lee, and T.-J. King Liu, ‘‘Tunneling
field-effect transistors (TFETs) with subthreshold swing (SS) less than
60 mV/dec,’’ IEEE Electron Device Lett., vol. 28, no. 8, pp. 743–745,
Aug. 2007.

[12] K. Bernstein, R. K. Cavin, W. Porod, A. Seabaugh, and J. Welser, ‘‘Device
and architecture outlook for beyond CMOS switches,’’Proc. IEEE, vol. 98,
no. 12, pp. 2169–2184, Dec. 2010.

[13] A. C. Seabaugh and Q. Zhang, ‘‘Low-voltage tunnel transistors for
beyond CMOS logic,’’ Proc. IEEE, vol. 98, no. 12, pp. 2095–2110,
Dec. 2010.

[14] H. Lu and A. Seabaugh, ‘‘Tunnel field-effect transistors: State-of-the-art,’’
IEEE J. Electron Devices Soc., vol. 2, no. 4, pp. 44–49, Jul. 2014.

[15] U. E. Avci, D. H. Morris, and I. A. Young, ‘‘Tunnel field-effect transistors:
Prospects and challenges,’’ IEEE J. Electron Devices Soc., vol. 3, no. 3,
pp. 88–95, May 2015.

[16] S. Datta, R. Bijesh, H. Liu, D. Mohata, and V. Narayanan, ‘‘Tunnel
transistors for low power logic,’’ in Proc. IEEE Compound Semiconductor
Integr. Circuit Symp. (CSICS), Monterey, CA, USA, Oct. 2013, pp. 1–4.

[17] Q.-T. Zhao et al., ‘‘Strained Si and SiGe nanowire tunnel FETs for logic
and analog applications,’’ IEEE J. Electron Devices Soc., vol. 3, no. 3,
pp. 103–114, May 2015.

[18] S. Banerjee, S. Garg, and S. Saurabh, ‘‘Realizing logic functions using sin-
gle double-gate tunnel FETs: A simulation study,’’ IEEE Electron Device
Lett., vol. 39, no. 5, pp. 773–776, May 2018.

[19] S. Garg and S. Saurabh, ‘‘Implementing logic functions using
independently-controlled gate in double-gate tunnel FETs: Investigation
and analysis,’’ IEEE Access, vol. 7, pp. 117591–117599, 2019.

[20] Silvaco. (2015). Atlas User’s Manual. [Online]. Available:
http://www.silvaco.com

[21] P.-F. Guo et al., ‘‘Tunneling field-effect transistor: Effect of strain and
temperature on tunneling current,’’ IEEE Electron Device Lett., vol. 30,
no. 9, pp. 981–983, Sep. 2009.

[22] W. Y. Choi and W. Lee, ‘‘Hetero-gate-dielectric tunneling field-effect
transistors,’’ IEEE Trans. Electron Devices, vol. 57, no. 9, pp. 2317–2319,
Sep. 2010.

[23] B. Ghosh and M. W. Akram, ‘‘Junctionless tunnel field effect transistor,’’
IEEE Electron Device Lett., vol. 34, no. 5, pp. 584–586, May 2013.

[24] R. Vishnoi and M. J. Kumar, ‘‘A pseudo-2-D-analytical model of dual
material gate all-around nanowire tunneling FET,’’ IEEE Trans. Electron
Devices, vol. 61, no. 7, pp. 2264–2270, Jun. 2014.

[25] N. Navlakha, J.-T. Lin, and A. Kranti, ‘‘Retention and scalability perspec-
tive of Sub-100-nm double gate tunnel FETDRAM,’’ IEEETrans. Electron
Devices, vol. 64, no. 4, pp. 1561–1567, Apr. 2017.

[26] A. James and S. Saurabh, ‘‘Dopingless 1T DRAM: Proposal, design, and
analysis,’’ IEEE Access, vol. 7, pp. 88960–88969, Jul. 2019.

[27] K. Boucart and A. M. Ionescu, ‘‘Double-gate tunnel FET with high-k gate
dielectric,’’ IEEE Trans. Electron Devices, vol. 54, no. 7, pp. 1725–1733,
Jul. 2007.

[28] S. Saurabh and M. J. Kumar, ‘‘Novel attributes of a dual material gate
nanoscale tunnel field-effect transistor,’’ IEEE Trans. Electron Devices,
vol. 58, no. 2, pp. 404–410, Feb. 2011.

[29] M. J. Kumar and K. Nadda, ‘‘Bipolar charge-plasma transistor: A novel
three terminal device,’’ in IEEE Trans. Electron Devices, vol. 59, no. 4,
p. 962–967, Apr. 2012.

[30] S. Singh and P. N. Kondekar, ‘‘A novel process variation immune doping-
less zero sub-threshold slope and zero impact ionization FET (DL-Z2 FET)
based on transition metals,’’ J. Comput. Electron., vol. 15, no. 1, p. 67–75,
Mar. 2016.

[31] M. J. Kumar and S. Janardhanan, ‘‘Doping-less tunnel field effect tran-
sistor: Design and investigation,’’ IEEE Trans. Electron Devices, vol. 60,
no. 10, pp. 3285–3290, Oct. 2013.

[32] B. R. Raad, S. Tirkey, D. Sharma, and P. Kondekar, ‘‘A new design
approach of dopingless tunnel FET for enhancement of device charac-
teristics,’’ IEEE Trans. Electron Devices, vol. 64, no. 4, pp. 1830–1836,
Apr. 2017.

[33] W. Long, H. Ou, J.-M. Kuo, and K. K. Chin, ‘‘Dual-material gate (DMG)
field effect transistor,’’ IEEE Trans. Electron Devices, vol. 46, no. 5,
pp. 865–870, May 1999.

[34] S. Song et al., ‘‘Highly manufacturable 45nm LSTP CMOSFETs using
novel dual high-K and dual metal gate CMOS integration,’’ in Symp. VLSI
Technol. Dig. Tech. Papers., Honolulu, HI, USA, 2006, pp. 13–14.

[35] M. H. Na, E. J. Nowak, W. Haensch, and J. Cai, ‘‘The effective drive
current in CMOS inverters,’’ in IEDMTech. Dig., San Francisco, CA, USA,
Dec. 2002, pp. 121–124.

[36] D. B. Abdi and M. Jagadesh Kumar, ‘‘Controlling ambipolar current
in tunneling FETs using overlapping gate-on-drain,’’ IEEE J. Electron
Devices Soc., vol. 2, no. 6, pp. 187–190, Nov. 2014.

[37] S. Mookerjea, R. Krishnan, S. Datta, and V. Narayanan, ‘‘On enhanced
miller capacitance effect in interband tunnel transistors,’’ IEEE Electron
Device Lett., vol. 30, no. 10, pp. 1102–1104, Oct. 2009.

[38] D. Esseni, M. Guglielmini, B. Kapidani, T. Rollo, and M. Alioto, ‘‘Tunnel
FETs for ultralow voltage digital VLSI circuits: Part I—Device–circuit
interaction and evaluation at device level,’’ IEEE Trans. Very Large Scale
Integr. (VLSI) Syst., vol. 22, no. 12, pp. 2488–2498, Dec. 2014.

[39] M. Alioto, ‘‘Ultra-low power VLSI circuit design demystified and
explained: A tutorial,’’ IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 59,
no. 1, pp. 3–29, Jan. 2012.

[40] N. Dagtekin and A. Mihai Ionescu, ‘‘Impact of super-linear onset, off-
region due to uni-directional conductance and dominant CGD on perfor-
mance of TFET-based circuits,’’ IEEE J. Electron Devices Soc., vol. 3,
no. 3, pp. 233–239, May 2015.

S. GARG received the B.Tech. degree in elec-
tronics and communication engineering from the
Northern India Engineering College, Indraprastha
University, New Delhi, India, in 2013, and the
M.Tech. degree in VLSI design from the Indira
Gandhi Delhi Technical University For Women
(IGDTUW), New Delhi, in 2015. She is currently
pursuing the Ph.D. degree with the Department
of Electronics and Communication Engineering,
Indraprastha Institute of Information Technology
(IIIT) Delhi, New Delhi.

Her current research interests are in the areas of nanoelectronics, semicon-
ductor devices, energy-efficient devices and circuits, and so on.

Ms. Garg received the Vice-Chancellor Gold Medal for securing the first
position in the M.Tech. degree at IGDTUW.

SNEH SAURABH (Senior Member, IEEE)
received the B.Tech. degree in electrical engi-
neering from IIT Kharagpur, Kharagpur, India,
in 2000, and the Ph.D. degree from IIT Delhi,
New Delhi, in 2012.

He is currently an Associate Professor with the
Department of Electronics and Communication
Engineering, Indraprastha Institute of Information
Technology (IIIT) Delhi, New Delhi. Before join-
ing IIIT Delhi in June 2016, he has worked in the

semiconductor industry for around 16 years. His current research interests
are in the areas of nanoelectronics, exploratory electronic devices, energy-
efficient systems, and CAD for VLSI.

Dr. Saurabh is also an Editor of the IETE Technical Review and an
Associate Editor of IEEE ACCESS.

154 VOLUME 6, NO. 2, DECEMBER 2020


