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Abstract. The present work deals with the simulation of electronic transport through a single
dimensional carbon atoms chain device coupled to Graphene nanoribbons (GNR) electrodes. In order
to observe electron transport in a more specific manner, applied voltage is regulated across an eight
atoms long carbon chain resistor sandwiched between two identical semi-infinite semiconducting
Armchair Graphene nanoribbon (AGNR) electrodes. The entire device is 2.06 nm in length consisting
of a 0.93nm long monoatomic carbon chain with eight carbon atoms coupled with two 1.13 nm
wide 7-AGNR electrodes. Nonequilibrium green’s function (NEGF) technique coupled with density
functional theory (DFT) generally used to simulate electronic transport in such systems is employed.
The experimental realization of stable carbon chain and 7-AGNR observed in past studies motivated
us to link these two experimentally obtained carbon based materials and construct a device in order
to investigate electron transport properties theoretically. Meanwhile, the continuous advancement in
nanotechnology realization of such devices experimentally may be anticipated in near future, with
which the authenticity of the present and other similar reported simulated results may be validated.
In this device the current is calculated as a function of potential difference within the 0.0-2.5V range.
The I-V curve exhibits a nonconducting region upto 0.81V, followed by steep rise in current magnitude
to a maximum value 13.0 A as in semiconductor diodes, involving non-linear characteristic curve
displaying a sharp negative differential resistance (NDR) pattern, which is the main focus of our
study. Nano devices displaying such unusual I/V characteristics have been considered for developing
application oriented futuristic miniaturized devices.
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1. Introduction

Low dimensional nanosized electronic devices working on quantum mechanical principle offers
promising solution to low operational power, ultrafast response time, compact, negligible heat
dissipating and environment friendly diodes and transistor in the present times. Carbon based
nanomaterial devices seems to be an excellent fit to fulfill all these criterion. Such miniature
material devices require extremely low operational power, negligible heat dissipation due to
ballistic transport mode unlike diffusive as in semiconductors, ultrafast response time and
posing no threat to environment. Negative differential resistance (NDR), a special feature in
the I-V characteristics in some semiconducting materials have been utilized here throughout
the characteristic development of the proposed modeled functional device. In contrast to this, a
large number of modeled carbon material based devices exhibiting NDR pattern in their I/'V
characteristics has been reported [11,(14},/17,20,34-36,38,/39]]. Furthermore, the development
of advance experimental techniques in the field of nanoscience and technology makes such
virtual research findings optimistic for construction and realization in near future. Moreover,
realization of such device will surely surpass Moore’s law which highlights the very aspect of size
limitations in semiconducting devices that tends to converge, reaching almost saturation level
due to dominance of quantum mechanical effects as size is reduced and reaches nano dimensions.
Since, in the limiting dimensions the electrons particle like nature disappears and dramatically
overtaken by wave nature and the entire transport paradigm based on ohms law ceases. Such
proposed hypothetical devices working on quantum principle transport revolutionized electronic
industry entirely in terms of generating efficient, ultra fast devices inherited with high packing
density. This exceptional physical and chemical properties of carbon based material motivated
us to take up the task of modeling devices out of such materials and simulate conduction
behavior. Unusual conduction characteristics have been reported depending upon the, geometry
and orientation of channel and electrodes. Available chemical techniques may be utilized to
remove existing atom and dope it with a foreign atom which fits in the lattice site perfectly. The
doped material sometimes alters the conducting characteristics drastically. In some case the
magnitude of current is increased drastically and it also changes the I/V pattern.

Theoretical results reported by several groups [6,22,25,[30] in the past have predicted
that ideal covalent bonded monoatomic carbon chain polyyne (---C=C-C=C---) and cumulene
(---C=C=C=C:-+) can act as channel (resistor) of molecular devices. Earlier carbon chain has
not been investigated experimentally due to lack of its production [10,15,31,40]. However,
Jin et al. [18] introduced a novel approach experimentally for producing stable and rigid
atomic chains by detaching carbon atoms row by row from graphene sheet via electron
irradiation. Jin et al. [18]] then suggested that it would be very intriguing to explore the
electron transport properties of a system having sp and sp? hybridization. In the present device,
the sp hybridization exists between chain atoms and sp? between the C-atoms of chain and
7-AGNR electrode at the junction. The physical properties (electronic, optical and magnetic)
of Graphene nanoribbon (GNRs) can be modified by changing their width and edge structures
[6,09,/19,23.29,33]l. Since both 1-D carbon chain and GNRs can be produced experimentally, one
can expect realization of transport in a device consisting of carbon chain and AGNR electrodes
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experimentally in near future. Consistency of experimental findings with simulation results
will validate the importance of modeling field and provide further impetus to modeling and
simulation field for investigating transport in more complex low dimensional devices.

2. Model and Method Adopted

Figure [1, shows the modeled device in order to study the electronic transport. The device in
its simplest form comprises of three vital components i.e. the Left electrode (LE), the Right
electrode (RE) and the scattering region (shown by dashed rectangular loop). The electrodes
are semi-infinite and comprises of 7-atoms wide armchair graphene nanoribbons (7-AGNR).
Each electrode consists of supercell with three repeated carbon unit cells perpendicular to the
direction of electronic transport i.e. z-direction. The scattering region consists of (0.93) nm long
carbon chain coupled to a super cell with two repeated carbon unit cell on either side. Modeling
and calculations of the device were performed by using simulation software Atomistix Toolkit
ATK/VNL [27] procured by the institute.
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Figure 1. Schematic representation of device model used to observe transport through 8-carbon atoms,
0.93 nm long chain connected to 7-AGNR (7 carbon atoms along the width of the unit cell of AGNR)
electrodes. The scattering region is enclosed in the rectangular dashed loop. The direction of electron
transport is in z-direction. 1, 2, 3 shows the primitive unit cell

The transport calculations were carried out by using the Nonequilibrium green’s function
(NEGF) formalism [4,7,8./16] and density functional theory (DFT) [12,26]. Transport calculation
through such devices is governed by the transmission function given by

T(E,V) =T, [TL(V)GEE,V)Ir(V)GAE, V)], (2.1)

where GE, G represent the retarded and advanced green’s function; I';, and I's depicts the
imaginary part of left and right self-energies respectively. The I-V characteristics are analyzed
by using Landauer-Biittiker formalism [2,[21] (relating transmission probability with linear
conductance). The variation of current with voltage I(V') depends upon the transmission function
T(E,V) and the bias window. The variation can be expressed by

2 H2
I(V)= f dETE,V)If(E —ur)— f(E - ug)], (2.2)
H1
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-1
where f(E — ur/R) = {1 +exp [E];B#] } is the Fermi-Dirac distribution function. uz, = (Ep —

eVp/2) and ugr = (EF +eV,/2) are the electrochemical potentials of the left and right electrode
and e, h are the electronic charge and Planck’s constant respectively. The fermi level eF is
set to be zero throughout the electronic transport calculations. The integrated area under the
transmission curve within the bias window (-V,/2,V;/2) where (V} is the bias voltage) gives
the magnitude of current corresponding to different applied bias. The optimization of device
geometry is done within the frame of reference of Brenner empherical potential [3] such that the
maximum force appearing on each atom is less than 0.001 eV/A3. A single-zetapolarized basis set
is used for both carbon and hydrogen atom along with 1 x 1 x 100 Monkhorst pack k-points grid
to enhance the transport calculations thereby reducing the convergence time. The transmission
calculations were carried out keeping electron temperature at 300 K and by applying local
density approximation (LDA) as exchange-correlation potential and subsequently keeping
the mesh cut off at 150 Ry. The core-electrons are modelled in context with Troullier-Martins
non-local pseudopotential [32].

3. Results and Discussion

The perfection with which the resistor is coupled with electrodes is important in determining
the I-V characteristics of any electronic device. A strong coupling of channel with electrodes i.e.
the interaction of channel with electrode’s atoms is often desired, as it ensures perfect matching
of density of states (DOS) between the two components and smooth flow of electrons from source
to drain,and enhances the conducting behavior of device. Perfect coupling between dissimilar
material channel and electrodes is rather difficult to achieve, due to which the conducting
properties of device is adversely affected and most of the power is lost due to dissipated heat
at the contacts. The coupling problem does not arise in the proposed device as the entire
device (contacts and channel) can be carved out from a 2-D graphene sheet by electron radiation
through advanced techniques developed and reported by Jin et al. [18] in context of carbon chain.
The device that we have modeled consists of sp-hybridized eight atoms long monoatomic carbon
chain of length 0.93 nm coupled to three unit cells of 7-AGNR as (electrodes) with sp? hybridized
carbon atoms. The junction displays a unique combination of sp and sp? hybridization. The
optimized device is shown in Figure (1| The details of parameters used for stabilizing the device
has been mentioned in section

On applying proper biasing and regulating the voltage (with a step size of 0.5V), the
transmission spectrum is calculated. The calculated transmission spectrum is shown in Figure
The allowed and forbidden transmission at some particular value of potential can be observed by
the presence and absence of transmission peaks between left and right electrochemical potential
(u) of electrodes, shown by the two slanted lines. Also, theoretically, at 0V bias, the transmission
tends to zero and eqn. can be rewritten as

T(E,0) = T,[T1(0)GE(E,0)0Tr(0)GA(E,0)]. (3.1)

As the potential is increased, transmission peaks start appearing on either side of fermi level
with in the bias window between p7, and ug.
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Figure 2. Transmission spectrum as a function of energy in the bias range (0-2V) with a step size of
0.5V. The electrochemical potential uy and pg is represented by two solid slant lines. The peaks between
the lines shows the possibility of transmission at that value

Figure 3| shows the partial density of states (PDOS) at applied zero bias. It can be seen from
that figure that the PDOS of the chain Figure[3(a) and electrodes (b) are far away from fermi
level implying zero transmission.
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Figure 3. Partial Density of States in absence of biasing

As the potential is increased, transmission peaks start appearing on either side of fermi
level with in the bias window between py and pgr. The transmission does not vary linearly
with the potential difference as in ohmic conductor since the transmission is ballistic in nature
for low dimensional system. The current through the device is related with transmission by
eqn. (2.2). On applying bias voltage due to potential difference of electrode, a kind of imbalance
is created and current flows through the device and hence the transmission spectrum can be
translated into current by eqn. (2.2). The I-V characteristics of device is displayed in Figure
within the range (0-2.5V).
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Figure 4. Calculated I-V characteristics of (a) 8-atoms long carbon chain based AGNR device (red solid
line) and (b) 4-atoms long carbon chain based AGNR device (black solid line). Up (1) and down (|) shows
the magnitude of current at peak and valley point of NDR respectively

The device remains inactive between 0 and 0.81V, beyond 0.81V, the current rises steeply.
The threshold of the device is 0.81V, beyond 0.81V and upto 2.07V, there is a non-linear region
and displays a very sharp N-type NDR pattern whose various parameters are listed below in
Table 1]

Table 1. Distinctive electronic transport parameters of 8-atoms long monoatomic chain. The parameters
are compared with a similar devicecomprises of 4-atom long monoatomic carbon chain

S. No. Channel/Dimensions Device Dimension Vi, (V) Ip(uA) Vp(V) Iy(puAd) Vy(V) PVR

(nm) (nm)
1. 8-atoms/0.93 3.5 0.81 13.0 1.74 0.01 2.07 1301
2. 4-atoms/0.40 2.9 1.33 9.9 2.16 5.5 2.40 1.8

Vi Threshold Voltage; Ip, Iy : Magnitude of maximum (peak) and minimum (valley) value of current at
the applied voltage Vp and Vi of the NDR region; PV R: peak to valley ratio of current

A higher PVR (peak to valley ratio) enhances the possibility of this device for various
electronic applications utilizing NDR. Comparison of results of the two type of chains shows
that V;;, of 8 atoms long carbon chain is smaller, peak value of current is higher and PVR is
approximately 722 times higher than the 4-atoms long carbon chain. The result of the present
work is compared with similar type of calculations with 4-carbon atom chain carried out by us
before [1]. The PVR ratio of the device investigated is also much higher than for the PVR values
of other bigger and complex devices reported earlier. Figure [5(a) and (b) shows the variation
of PDOS of the three components of the device, where the high (appearance of merged sharp
peaks close to fermi level) and low value (occurrence of merged peaks far away from fermi level)
of current is observed.
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Figure 5. (a)Shows the partial density of states (PDOS) at voltage (0.86) where value of current is
maximum (Ip) and (b) shows the PDOS at 1.06 V at the minimum value of current (Iy) of NDR region.
Curve a, b, ¢ depicts the PDOS of carbon chain, Left electrode and Right electrode respectively

The sharp merged peaks of PDOS at the fermi level (considered to be at 0 eV throughout
this study) in Figure [5[a)at implies presence of finite no of available electronic states for
efficient analyzation of charge carriers distributed within the proposed system of study. This
further confirms strong correlation between the channel and the electrodes for hindrance free
movement of electrons (implying ballistic transport) leading to instant rise in current value upto
13.0 A (peak point) on surpassing the threshold voltage level 0.81. Similar trend is followed in
Figure [5(b) which highlights the presence of lesser no of available density of states for electron
transport due to merged PDOS peaks not being at fermi level leading to decrement in the current
magnitude down to nearly zero level i.e. 0.01 pA (valley point). Further analysis of Figure [6[a)
and (b) confirms the appearance of peak current 13.0 uA, with greater transmission magnitude
area 0.14 a.u and valley current 0.01 pA, with negligible area 0.013 a.u with in the shaded red
transmission region. Moreover, the high and low values of current can be attributed in terms of
lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO)
in molecular projected self consistent Hamiltonian (MPSH). In context to peak value of current,
the LUMO (quantum number (QN) 199) are more delocalized over the transmission channel
and extend upto electrodes implying enhancement in the no of valance electrons available for
conduction. While, the HOMO (QN 200) tends to be localized over the bulk indicating lower
concentration of valance electrons, thereby confirming the rise in current magnitude as depicted
through Figure [6(c).

However, same pattern is followed for HOMO-LUMO for the case of valley point with
a shift in delocalization of orbitals from LUMO to HOMO and localization from HOMO to
LUMO as can be seen in Figure [6(d), which in turns give rise to lower current magnitude
due to lesser concentration of valance electrons. Also, the corresponding red colour in MPSH
indicates the respective region rich of electrons/ negative region suitable for electrophilic attack.
While, the blue color represent the electron deficient/positive region favourable for nucleophilic
intrusion. Hence, this forms the basis for NDR existence in the considered modeled device
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which in turns enhance the possibility of such a device being implemented for various electronic
applications such as logic design, fast triggering circuits, memory storage, high frequency
oscillators [13,[24],28,|37]].
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Figure 6. Transmission at maximum value of current V = 0.87V (a) and minimum value of current
V =1.00V, (b) The dark shaded area shows the magnitude of transmission within the bias window at
these value of voltages as shown by grey shaded rectangle. MPSH (isovalue 0.05 a.u) is shown in (¢) and
(d) for maximum and minimum transmission

Besides, the appearance of NDR feature, there is also a remarkably astonishing feature
incurred in the proposed device is its utilization as a simultaneous on and off switch
corresponding to 2V applied bias (as evident through I-V characteristic curve in Figure [4)
by concurrently aligning the two form of device i.e. device with 4 carbon atom chain and 8-
carbon atom chain as channel in a particular parallel fashion. This incurred feature in the
considered device resembles the operation of a logic gate family member XOR gate, where in
a simultaneous on and off operational input give rise to higher output. Based on this concept,
the present device can act as an 2-input XOR gate with external input at left electrode (LE)
as control enable input and thus paves way for realization of XOR logic gate operation at a
particular voltage at nanoscale. Hence, the present device can be considered as a potential
candidate in various field of nanoelectronics.

Further, we analyze the effect of n-type (Nitrogen doped)and p-type (Boron doped) doping of
electrodes on the considered pristine carbon chain based nanodevice as shown in Figure [7(b)
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and (a). It has been found out that although doping made the pristine device conducting by
eliminating the nonconducting region as in pristine device shown in Figure 4] Instead, the
doped device shows multiple NDR region with reduced PVR ratio to a maximum of 3.41 in the
case of p-type case (Figure[7[(a)), While attaining a maximum of 5.44 PVR ratio for n-type case
(Figure [7(b)) which is much lower than the pristine device. This indicates that the effect of
doping tends to degrade the overall PVR ratio besides enhancing the conductivity to several
fold as shown in figure.
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Figure 7. (a) Modeled structure and corresponding I-V curve of p-type doped device (b) N-type doped
device, where I, II, III represents the successive NDR patterns

Hence, this has been in context to electron transport properties of proposed device that
implies the present device be employed for multipurpose electronic applications, due to the
unique characteristics exhibited by it.

4. Conclusion

Miniaturize device consisting of a 8-atom carbon monoatomic chain with 7-AGNR of size 3.5 nm
is modeled and the electron transport is calculated by employing NEGF-DFT method resulting
in a sharp NDR features. The I-V curve, at low voltage, resembles the characteristics similar
to a semiconductor diode in forward bias and also that of an XOR logic gate (by simultaneous
parallel implication of the present device with its successful replicant in a way of replacing the
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existing channel (8-atom long carbon chain) with 4-atom long carbon chain). Additional features
of NDR in the I-V characteristics of this carbon based device may be utilized to perform similar
function as the conventional bulky and high power operating semiconductor diodes. The higher
value of PVR (which is 1301) enhances its possibility for construction of application oriented
electronic devices, as pointed out by previous workers working in the field.
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