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Abstract

This paper presents a novel design of quaternary logic gates using graphene nanoribbon field effect
transistors (GNRFETSs). GNRFETs are the alternative devices for digital circuit design due to their
superior carrier-transport properties and potential for large-scale processing. In addition, Multiple-
valued logic (MVL) is a promising alternative to the conventional binary logic design. Saving power and
reduced chip area is the reason for simplicity. The first design is a resistive-load GNRFET-based
quaternary inverter gate. The channel length is 15 nm. This circuit works with a 0.9V supply voltage at
room temperature. For optimizing the first design, resistors are replaced with transistors in the second
design. Simulation results using HSPICE indicate that in the second proposed design provides 61.1%
reduction in power-delay product (PDP) that of first proposed. These results can be used in MVL design

based on nano devices.
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1. INRODUCTION

Various types of carbon allotropes are
diamond, graphite, graphene, nanotubes,
and fullerenes [1]. Graphene, a two-
dimensional material with one atom thick
structure, is ordered on a honeycomb
lattice [2, 3]. Wonderful electronics
properties of graphene [4] make it an
alternate candidate for silicon in electronic
devices such as field-effect transistors,
tunnel barriers, and quantum dots [5, 6].
Planar geometry of graphene cause to
process  with more  conventional
complementary metal oxide semiconductor
(CMOQS) technology gives it a significant
advantage over carbon nanotubes (CNTS)
[7]. The major disadvantage of graphene is
that it has lack of band gap [8].
Researchers offer three ways to open the
band gaps of graphene: Using nanoribbon
form of graphene, bilayer graphene and
applying strain to graphene [9]. Graphene

nanoribbon can open the bandgap up to
400 meV [10]. In this paper, we use
graphene nanoribbon FETs to design the
circuit.  Armchair-edge (AGNRs) and
zigzag-edge (ZGNRs) are the two types of
graphene nanoribbon [11] as illustrated in
figure 1. AGNRs are known to be the
semiconductor and  their  electrical
properties dependents on the ribbon width,
whereas ZGNRs exhibit metallic and
magnetic behavior. Thus, AGNR has been
used for the digital circuits [12]. Single-
layer graphene lattice consists of regular
hexagons with a carbon atom at each
corner. The width of a GNR (W) is

defined as follows [13]:
Wy = (N-D35° @

Where N represents the number of dimer
lines as shown in figure 2(a). N is the
number of dimer lines in the armchair
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orientation and dcc= 0.144 nm is the
carbon-carbon bond length. The electronic
properties of armchair nanoribbon vary
depending on the number of atoms on the
edge. AGNR of type N = 3P+1 and N=3P
are semiconductors whereas AGNR of
type N=3P+2 is metallic where P is
positive integer [14].

b)
Figurel. GNR-edge a) armchair edge, b)
Zigzag edge.

Figure2. The Lattice structure of an
armchair GNR with N=6.

Graphene nanoribbon has the bandgap
that depends on the nanoribbon width [15].
The SPICE compatible circuit model of
GNRFETs [16] has been used for the
circuit simulations. GNRFET could be a
promising device for designing voltage-
mode  multiple-valued logic (MVL)
circuits. In the multiple-valued logic more
than two logic levels are defined
depending on the number of levels, ternary
(level=3) or quaternary (level= 4) logic

styles [17]. The Complex process could be
performed faster and fewer computation
steps. MVL designs reduce the complexity
of large chips and solve the challenge
facing the CMOS technology. Many
complex applications such as estimation,
analysis procedures decision systems and
process control are not possible in the
binary logic. In addition, the whole power
dissipation can be reduced by translating a
design from the binary to the ternary or
quaternary families [18-21].
Raychowdhury et al. [22] designed a
ternary logic gate by using CNTFET and
resistors. Lin et al. [23] have eliminated
the resistors by applying active CNTFETS.
A dynamic structure for implementing a
dynamic ternary logic based on the
complete model technique was proposed in
[20]. Moaiyeri et al. [24] have designed
quaternary  maximum  (QMax) and
minimum circuits (QMin) based on
CNTFETs. They found that their designs
provide very high robustness to the effect
of process variations. The quaternary full
adders based on CNTFETs have designed
by Moaiyeri et al. [25]. They showed that
this proposed design reduces considerably
average power, and static power
consumption. Kim et al. [26] have realized
experimentally n-type ternary graphene
field effect transistors (TGFET) and p-type
TGFET to illustrate ternary inverter circuit.
Their findings show three discrete current
states in one device at room temperature.
The multiple-valued logic circuits can be
implemented by one [24] or more than one
power supply voltages [28]. Therefore,
increase in the number of power supply
sources would lead to complexity in
interconnections, less energy consumption,
and higher fabrication cost. We use one
power supply source for multiple-valued
logic circuits [29]. Hence, the voltage
division rule is applied to produce different
voltages for different logic values.

In the remainder of this paper, in section
2 MVL is reviewed in more detail. The
new design method and circuits are
presented and described in section 3. The
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Section 4 includes the simulation results
and finally, section 5 concludes the paper.

2. PROPOSED DESIGNS

The important parameter for designing
the MVL circuit is threshold voltage (V).
The band gap energy is proportional to the
threshold  voltage and inversely
proportional to the width of graphene
nanoribbon. Therefore, different widths of
GNR have the different threshold voltage.
Quarternary logic includes four logic
levels which can be illustrated by 0,1,2
and 3 symbols. These logic levels contain
0V,1/3 Vdd, 2/3 Vdd and Vdd voltage
levels, respectively [30]. The truth table of
quaternary inverter gate is given in Table 1
[31, 32].

Table 1.Truth table of quaternary

inverter.
Input Symbol Out put
0 0 Vdd
1/3 vdd 1 2/3 vdd
2/3 vdd 2 1/3 vdd
Vdd 3 0

The parameters of the GNRFET model
[33], their values, and brief descriptions
are given in Table 2.

2.1. The First Proposed Design

The proposed inverter gate consists of
three resistors and three GNRFET, is
shown in figure 3(a). The power supply
voltage is 0.9V. The threshold voltages of
n-type GNRFETs are 0.9V, 0.3V, 0.6V
respectively.

As seen in figure 3(a), when the input
value is 0V, all n-type GNRFETs are off
and only p-type GNRFET (T4) is on.
Therefore, the output is Vdd. When the
input value reaches around 1/3 Vdd, only
T4 and T2 are on and the output is 2/3
Vdd. By increasing the input value to 2/3
Vdd, T4, and T3 are turned on and the
output becomes 1/3 Vdd. Finally, if the
input value is Vvdd, all of the n-type
GNRFETs are on and the output is 0V.
The transient responses of the proposed
design are demonstrated in figure 3b.

Table2.The important HSPICE parameters

of the GNRFET
Device _ Default
Description
parameter value
L 15nm

Physical channel length

The thickness of top
Tox gate dielectric material | 0.95nm
(planer gate)

The spacing between
the edges of two

2Wsp adjacent GNRs within 2nm
the same device
NRib The number of GNRs 6

in the device

The edge roughness
P percentage  of the 0
device

Source and drain
Dop reservoirs doping 0.001
fraction

Oxide thickness
Tox2 | between channel and 20nm
substrate/bottom gate
Whether Gate or sub

Gates_tied | | 14 the same voltage 0

VDD
I
N q ™
20K
10K Vout 40K
Wy WV
. I I ] X
N B nN—F]m N 1 ™
t v
Vss Vss Vss
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Figure 3. a) The First proposed design. b)

The transient response.

2.2. The Second Proposed Design

In the second design, for quaternary
inverter gate, we replace resistors with
transistors because it leads taking less chip
area. Delay significantly is reduced by
using transistors.

In similar HSPICE parameters with the
first design, results show that PDP of the
second proposed design is 2609.34x10 2
and the PDP of the first one is 4268.16x 10
2 The second design achieves more than
160% improvement over in terms of PDP.

VDD

— -

out

. X T
IN . T T1 E\'_ﬁ r i; T2
Vss
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Figure 4.The Second proposed design.

3. SIMULATION RESULTS AND DISCUSSION
The power, delay and product delay-
power are the figure of merit for GNRFET.
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Therefore, we obtain these parameters with
the different number of ribbon (nrib). As
depicted in figure 5, delay increases by
increasing the nrib. This variation is high
in first proposed design while the variation
is low in second proposed design.
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Figure.5. Maximum delay versus nrib,

inset: zooming in a portion of delay-nrib
curve.

In addition, by increasing the nrib,
power increases. According to figure 6,
increasing the power is more obvious for

second proposed design than first
proposed design.
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Figure 6.Power as a function of nrib.

As seen in figure7, the second proposed
design has the less PDP than the first
proposed design. In the first design, PDP
increases significantly by increasing nrib
whereas PDP slightly increases in the
second design. Thereby, second proposed
design can be a suitable design for
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quaternary inverter gate based on
GNRFET.
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Figure 7.PDP versus nrib.

Fabrication technology of GNRs cannot
produce perfectly smooth edges. The misfit
edges result in a phenomenon called edge
roughness, which affects the properties of
GNRs. Edge roughness reduces lon.
Therefore, the delay increases. Edge
roughness leads to a little decrease in
power consumption. As shown in Figure 8,
PDP escalates with increasing of edge
roughness percent.
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Figure 9.PDP versus Tox

Table 3 compares our proposed circuits
based on GNRFET with quaternary
inverters based on CNTFET in Ref [30,
31].

Table3. Performance comparison of the
quaternary Inverter

6500

Proposed Max Avg
design Delay Power(uw) PDP
(ps) (@J)
First design 0.5 8.5 4.2
Second design 0.22 11.8 2.59
Design of [34] | 102.68 1.69 173.52
Design of [35] | 487.37 1.247 607.750
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Figure 8.PDP versus edge roughness.

The variation of oxide thickness (Tox) as
a function of PDP has investigated in
figure 9. | on decreases as Tox increases
and delay increases. Power is reduced
when Tox is increased. As a result, PDP
has decreases, which is shown in figure 9.

The results show that PDP for our
proposed circuits is significantly improved.
These studies promise attractive future
opportunities for researchers in this field.

4. CONCLUSION

In this paper, we designed a quaternary
inverter gate based on GNRFET for the
first time. The first circuit design has
consisted of three transistors and three
resistors. In the second design, resistors
have replaced with transistors because of
large-area that resistor occupied. The
second design has six transistors. Delay
has reduced significantly than the first
design. However, power is increased in the
second design. Overall, PDP is decreased
in second design remarkably. Then, we
investigated the effect of increasing the
number of ribbon in GNRFET. By
increasing the number of ribbons, power,
delay, and PDP is increased. This variation
of first design is more sensible than second
design. This circuit can be utilized for
other circuit based on GNRFET such as
the full adder, comparator, and decoder
and so on.
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