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Abstract

Graphene is a two-dimensional carbon allotrope with excellent
biocompatibility allowing for safe integration in living tissue and is stable in
harsh biological environments. Graphene has also very highrelectron
mobilities and long carrier mean-free paths and is a very promising'material
for new nanoelectronic circuits. Here we present the design and simulation
of a graphene Majority logic gate without back-gating, which.can be
fabricated on one side of the graphene sheet leaving the other free so that
the gate can be brought into contact with biological tissue. Graphene
majority gates can also operate as AND‘or OR'gates giving rise to new
carbon-based nanoelectronic devices for biomedical circuits.

Keywords: Nanoelectronics, Graphene Lagic Gates, Non-equilibrium Green function, Design,
Simulation.

N

1.Introduction

(j RAPHENE i a promising new material for bioelectronic and biomedical applications [1,2].
Graphene is flexible, biocompatible, chemically stable, and has low intrinsic electronic noise,
properties that.have been.exploited for the fabrication of solution-gated field-effect transistors used to
monitor neural cells and brain activity [3,4]. Furthermore, graphene’s mechanical properties combined
with its high thermal and electrical conductivities make graphene a very useful scaffolding material that
can alsopromote tissue regeneration [5]. On the other hand, graphene is a promising material for high-
speed, low-power circuits because of its excellent electronic properties [6,7].

It would be highly desirable to be able to fabricate graphene logic nanoelectronic circuits that would be
incorporated. in Tiving tissue to perform computations locally. This would provide new possibilities for
monitoring and controlling biochemical processes that include ion transport. The absence of a bandgap in
graphene-results in poor conductance modulation which is a considerable obstacle for the development of
such logic circuits [7,8]. Recently, it has been shown that effective conductance modulation is possible in
specific’graphene nanoribbon geometries, especially quantum point contacts and L-shaped and T-shaped
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graphene nanoribbons when combined with potentials applied through top and back-gates [9-15]. Here
we use the conclusions on the effect of L and T graphene nanoribbon shapes on conductance, studied:in
[12], to design the majority gates. L and T shaped nanoribbons are used as structural elements of the
majority gate.

A graphene logic gate for biological applications should be universal, with no back-gates; allowing.one
of the graphene sheet sides to be brought into contact with biological systems, such as living tissue or
cell cultivations [5]. Here we present the design and simulation of such aogic gate. We design a
graphene Majority logic gate, which can also operate as an OR or a NOT gate providing Boolean
universality. This logic gate does not require back-gating and the effective conductance modulation is
obtained by combining L-shaped and T-shaped graphene nanoribbon$ in whichspotentials are only
applied through top-gates. We use tight-bind Hamiltonians and the non<equilibrium Green function
method (NEGF) to compute the conductance of the Majority gate for‘various applied input potentials and
show that the majority gate truth table is executed exactly using only two,potential values representing
the logic zero and one.

This paper is organized as follows: In section two we briefly,describe the NEGF method, in section
three we present the geometry and the Majority gate inputs and output, in section four we present the
computation of the Majority gate conductance for all possible input values and show that the truth table

is followed exactly. We discuss our results in section five.
4

2.The NEGF method for carrier transport

NEGF is a quantum mechanical method with very.high predictive power, the results of which are very
close or even identical to experimental results [19-21]. The nanoconductor, the conductance of which is
to be computed is described by a tight-binding Hamiltonian matrix, H, which describes the kinetic and
potential energy of electrons. The potential.energysenters through the diagonal elements and the kinetic
energy through the off-diagonal elements of H; assuming electron hoping between nearest-neighboring
atoms only [22-24]. The Hamiltonian fully describes the isolated nanoconductor and the effect of the
contacts is described by the contact self=energies, ~. The retarded Green’s function, G?, and the advanced
Green’s function, G*, are propagators describing the amplitudes of electron transport form one contact to
another contact through the nanoco@uctor:

GR:[(E+in+)I—F1—jiZk}_ 1)
k=1
G*=(G") 0

E is the energy of transported electrons, | the unit matrix, " is a very small energy value multiplied by
the imaginary/unit i; and X are the self-energies of the contacts, the number of which in the case of eq. (1)
is n. Each contacts related to a broadening function, 7

r=i[=, -z4) @3)

The potential difference between any two contacts | and m enters through the Fermi functions, f, of these
contacts:

=T, +f T (4)
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The electron density G" is computed from:

G"=G"z"G" (5)
The density of states is:

A=i(GF-G*) (6)

The conductance, Gim(E), between any two contacts | and m depends on the eI@tron energy, E, and is
given by:

2

Gme)=2: Trace[ I, G T, G* | ™

Once the conductance is computed, the current flowing between any, two contacts is computed using
Landauer’s formula:

hm=%ime}J“E»%$%?dE (®)

Biological processes involving ion trapsport, or 1on density variations through the activation of ion
channels, alter the conductance of the graphene nanoribbons and result in recordable current variations.
Control of ion motion can be obtained by proper current variation. Current variation is a result of the
modulation of conductance givennby equation (7). As we will describe in the sections to follow,
conductance can be effectively modulated in the Majority graphene gate by constructing it using L and
T-shaped nanoribbons and by applying top-gate potentials.

N
3. Structure of the graphene majority gate

The circuit symbol of.the majority<gate, M, is shown in Fig. 1. The gate has three inputs, A, B and C
and one output, OUT. The gate output takes the value of the majority of inputs, as shown by the gate
truth table, Table I.

B— M ouT

Fig. 1. The circuit symbol of the majority gate, M.
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igure 2 shows the structure of the graphene Majority gate. The upper part of Fig. 2 shows the top
he gate and the lower part shows a cross section along the (red) PQ dashed line. The graphene

XX=XXXX/ XX/ XXXXXX 4 © xxxx IOP Publishing Ltd



Page 50f 13

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - ERX-100107.R2
I0P Publishing Journal Title

Journal XX (XXXX) XXXXXX https://doi.org/XXXX/XXXX

Majority gate comprises six horizontal and one vertical graphene nanoribbon forming L and T shapes.
There is also a small horizontal nanoribbon connecting the output, OUT, electrode with theertical
nanoribbon. All horizontal graphene nanoribbon edges are zig-zag edges and all vertical graphene
nanoribbon edges are armchair edges. As shown in [12] this change in electron transport direction, from
zig-zag edged graphene, which is metallic to armchair edged graphene, which is semiconducting gives
rise to a pseudo-bandgap which, along with the applied potentials, results is gffective, conductance
modulation.

The logical “1” is represented by a potential equal to 0.5 V and the logical “0’sby a potential equal to -
0.5V. These two potential values are the only potential values used to operate the gate. The three upper
horizontal nanoribbons are connected to constant potentials equal to 0.5 V_representing the logical “1”.
These contacts are indicated in Fig. 2 by “1/0.5V”. The three lower nanoribbonssare also connected to
constant potentials equal to -0.5 V representing the logical “0”. These contacts are indicated in Fig. 2 by
“0/-0.5V”. These conducts, and the output contact, OUT, are metallic electrodes ¢onnected directly to the
graphene nanoribbons, allowing electron transport through them.

A constant common top-gate potential equal to 0.5 V is applied to the three upper horizontal graphene
nanoribbons. This potential is applied through an insulatingslayersand affects the energies of the
transported electrons, but no electrons can be induced or extractedsthrough these top-gates due to the
insulating layer. This common top-gate electrode is indicated by “1/0.5'V” in Fig. 2. A constant common
top-gate potential equal to -0.5 V is also applied to the three lower. horizontal graphene nanoribbons. This
common top-gate electrode is indicated by “0/-0.5 ¥ in' Fign2¥ Since this potential is also applied
through an insulating layer it affects the transported electron energy, but no electrons can be induced or
extracted through these top-gates. The constant potentials applied through direct contacts or top-gates
correspond to the Vpp and Vss potentials used in‘microelectronic logic gates.

The three Majority gate inputs A, B and C are applied through top-gates, separated from the graphene
sheet by an insulating material. Each input istapplied through top-gates indicated by A, B and C in Fig.
2. The input potentials can only take values equal to 0.5 V or “1”, and equal to -0.5 V or “0”. Each one of
the eight possible input potential.combinations eorrespond to a truth table line. The output potential,
OUT, can take only two values, -0.5V.or 0.5 V, corresponding to “0” and “1”.

All electrodes are placed on thedone side of the graphene sheet allowing the other one to be brought
into contact with bio-substrates, such as tissues of cell cultivations. Graphene is a very dense material
and does not allow the transportof atoms or molecules, such as used to form the metallic contacts and the
insulating layers, through it [7]. This property ensures that the bio-substrate will not be contaminated by
these atoms or molecules.

4. Operation of the graphene majority gate

The operation of the Majority graphene gate is simulated using tight-binding Hamiltonians combined
with the NEGF method:=="We compute the conductance of each one of the horizontal graphene
nanoribbons of the structure,shown in Fig. 2 for the eight possible input potentials applied through
electrodes A, B:and C./The horizontal nanoribbons are numbered from 1 to 6, from top to bottom of Fig.
2. Figure 3 shows the conductance of each one of the six horizontal nanoribbons when the input
potentials A, B and C are all equal to -0.5 V, which corresponds to the first line of the truth table.
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Fig. 3. Computed conductance of the six horizontal nanoribbons of the structure shown in Fig. 2, for input potentials A =B = C=
-0.5 V. These input values correspond to the first line of the truth table. The nanoribbons are numbered from top to bottom.

The y-axes of all diagrams are the electron energy (E-Er)/t, where Er is the Fermi energy and 7 is the
overlap integral value corresponding to electromshoping, which has been measured to be equal to -2.7 eV
in graphene. The x-axes give the valuge of the normalized conductance, (h/29?)G, as a function of electron
energy, computed using eq. (7). Only-electrons with energies a few kT below and above the Fermi energy
participate in the conductance and this energy range is indicated by the orange bands in Figure 3. The
conductance of horizontal nanoribbgm 1, 2'and 3 is zero in this energy range, and because of eg. (8), no
current flows through them. Therefore, none of the three constant potentials (1/0.5 V) is transferred to the
output. The conductance of naneribbans 4, 5 and 6 is nonzero in this energy range, and the constant
potentials (0/-0.5 V) are transferred in parallel to the output OUT the potential of which becomes -0.5 V
corresponding to logical “0”. The first line of the truth table is executed by the graphene Majority gate.
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Fig. 4. Computed conductance of the six horizontal nanoribbons of the structure shown in Fig. 2, for input potentials A=B = -
0.5V and C=0.5 V. These input values correspond.to the second line of the truth table.

Figure 4 shows the conductance of eachhone of the six horizontal nanoribbons when the input
potentials A and B are equal to -0:5,V and C equals.to 0.5 V, which corresponds to the second line of the
truth table. In this case only nanoribbon,5 conducts and the constant potential (0/-0.5 V) is transferred to
the output, the potential of which/becomes,-0.5 V corresponding to logical “0” in compliance with the
second line of the truth table.

For the third line of the truth table;the computed conductance of the six horizontal nanoribbons is
shown in Fig. 5. In this case'the inputpotentials A and C are equal to -0.5 V and the input potential B is
equal to 0.5 V. Only nanaribbon 4 is conducting and the constant potential (0/-0.5 V) is transferred to the
output, which in this case corresponds to logical “0”.

The execution of the-loegicaloperation of the fourth line of the majority gate truth table is shown in Fig.
6. The input potentials B and C are set equal to 0.5 V and the input potential A to -0.5 V. As shown in
this figure only naneribbon 3 conducts for this input potential combination. As a result, the constant
potential (1/0.5/V) s transfetred to the output setting it at logical “1”.
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Fig. 5. Computed conductance of the six horizontal nanoribbons of the structure shown in Fig. 2, for input potentials A= C = -
0.5V and B= 0.5 V. These input values correspond.to the third line of the truth table.

Fig. 6. Computed conductance of the six horizontal nanoribbons of the structure shown in Fig. 2, for input potentials A = -0.5 V
and B =C'=0.5 V. These input values correspond to the fourth line of the truth table.
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Fig. 7 shows the conductance of the six nanoribbons comprising the majority gate, when the,input
potentials are: A=0.5V and B = C = -0.5 V. In this case the fifth line of the gate’s truth table is executed,
because only nanoribbon 6 conducts transferring the constant potential (0/-0.5 V) to the output, setting it

to the logical “0”.
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Fig. 7. Computed conductance of the six horizontal nanoribbons of the structure shown in Fig. 2, for input potentials A = 0.5V
and B =C =-0.5V. These input values correspond to thefifth line of the truth table.
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Fig:8:Computed conductance of the six horizontal nanoribbons of the structure shown in Fig. 2, for input potentials A= C = 0.5
Y and B'=- 0.5 V. These input values correspond to the sixth line of the truth table.

XXXX-XXXX/ XX/ XXXXXX

xxxx |OP Publishing Ltd



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - ERX-100107.R2
I0P Publishing Journal Title

Journal XX (XXXX) XXXXXX https://doi.org/XXXX/XXXX

To execute the sixth line of the truth table the potential of the majority gate inputs A and C'is set equal
to 0.5 V and the potential of the input B is set equal to -0.5 V. Our computations showed that in this.case
only nanoribbon 1 is in conductive state and the constant potential (1/0.5 V) is transferred to the output,
which is set to logical “1”. This case is shown in Fig.8.

Figure 9 shows the conductance of each one of the six horizontal nanoribbons when the input
potentials A and B are equal to 0.5 V and C equals to -0.5 V, which corresponds te.the seventh/line of the
truth table. In this case only nanoribbon 2 conducts and the constant potential (1/0.5\V) is transferred to
the output, the potential of which becomes 0.5 V corresponding to logical ‘A1” according'to the seventh
line of the truth table.
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Fig. 9. Computed conductance of the six‘horizontal nanoribbons of the structure shown in Fig. 2, for input potentials A=B = 0.5
V and C=-0.5 V. These input values correspond to the seventh line of the truth table.

Figure 10 shows the conductance of each one of the six horizontal nanoribbons when the input
potentials A, B and/C are equalto 0.5 V, which corresponds to the eighth line of the truth table. In this
case nanoribbons#; 5 and 6 do not conduct, whereas nanoribbons 1, 2 and 3 conduct and the constant
potentials (1/0.5:V) are transferred in parallel to the output the potential of which becomes equal to 0.5 V
corresponding to logical-“1”.according to the last line of the truth table.

Recapitulating/the majority gate operation, in the case of the first line of the truth table only
nanoribbons 4, 5 and'6 are in conductive state. In the case of the second line of the truth table, only
nanoribbon 5 conducts. Only nanoribbon 4 conducts for the input potential combinations corresponding
to the.third.line of the truth table. For the input potentials combination corresponding to the fourth truth
table line, only nanoribbon 3 conducts. In the case of the fifth line of the truth table, only nanoribbon 6
conducts and in the case of the sixth line, only nanoribbon 1 is in conductive state. In the case of the
seventh, truth table line, only nanoribbon 2 is conducting and in the case of the eight line only
nanoribbons 1, 2 and 3 conduct.
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29 TABLE Il
30 CONDUCTIVE, “C”, AND NON-CONDUCTIVE, “N”,'STATES OF THE SIX HORIZONTAL MAJORITY GATE NANORIBBONS. TABLE Rows
31 CORRESPOND,TO THE TRUTH TABLE LINES

5 6

N
NnzZ20z2z2222Z2|-
NnOZ222222N
Nz22z20222w
22222 0.2 0|/b>

/
222222100
22202220

45 Table Il shows the state .of conductance of the six horizontal nanoribbons for all eight input potential
combinations of the majority gate truth table. Each row of Table Il corresponds to one row of the truth
table. The«columns.of Table Il correspond to the six horizontal nanoribbons. The letter “C” indicates that
the nanoribbon iscconductive and the letter “N” that the nanoribbon is in non-conductive state.

52 5. Conclusion

We presented the design and simulation of a Majority graphene gate, using tight-binding Hamiltonians
and the NEGF method. The structure of the gate combined with applied top-gate potentials results in
56 effective conductance modulation and accurate execution of the Majority gate truth table without using
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back-gates. The lack of back-gates leaves one of the graphene sheet sides free to be incorporated, with
biological substrates. The universality of the Majority gate and the density of the graphene sheet
combined with its biocompatibility hold great promise for the development of graphene circuits for
biological and biomedical applications.
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