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Quantum transport properties of pure and functioned infinite lead-connection region-lead system
based on the zigzag graphene nanoribbon (2-zGNR) have been investigated. In this work the effect
of the doping functionalization on the quantum transport of the 2-zGNR has been computationally
studied. Also, the effect of the imposed gate voltages (-3.0, 0.0 and +3.0 V) and bias voltages 0.0 to
2.0 V have been studied. The results were presented as the current versus the bias voltage (I-V,)
curves with unique properties for per studied systems, showing one or two negative differential
resistances (NDR). The NDR region was discussed and interpreted in the terms of the transmission
spectrum and its integral inside of the corresponding bias window. Also, the partial atomic charge
distribution in the center part of the system’s scattering region containing carbon atoms at the left
and right sides of substituted atoms which are connected to substituted atoms has been investigated

for different bias voltages.
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INTRODUCTION

The potential application of new molecular-
based materials in nano-electronics have
attracted attention from both of the research and
applied science communities. Identification and
understanding of interesting properties, such as
molecular rectifying, [1, 2] negative differential
resistance (NDR)[3, 4] and switch behaviors, [5,
6] etc., have provided opportunity for controlling
of the electron transport phenomena of molecular
structures. Several ways of modulating the
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transport properties of different molecular devices,
such as group effects, [7, 8] doping effects, [9,
10] length effects, [11, 12] strain effects, [13]
edge effects[14] and thermal effects, [15, 16] etc.,
have been in the focus of considerations. Among
these, molecular junctions have been attracted
significant due to their potential application in
nanoelectronics switch tunable properties of the
single molecule level attention in the past decade.
Many interesting physical properties, such as
conducting, ratifying, resisting, switching and
amplifying have been demonstrated in molecular
junctions. The NDR effect, which stands for
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decreasing in current by increasing the bias voltage,
has an important role in electronics. Transport
properties including NDR have been discussed in
various molecular junctions,[17] between carbon
nanotubes| 18-23] and other metal electrodes such
as gold. [24-28] Out of many molecular structures,
Graphene has attracted vast attention specially from
nanoelectronics community for its novel electronic
properties, [29] planer structure, optical transparency
and conductivity [30-36], etc. In order to open an
energy gap in the graphene some modifications,
such as cutting it to the graphene nanoribbon (GNR)
stripes, can be applied to form unique structures
possessing various electronic properties. Many feasible
approaches to change the properties of GNRs such
as chemical functionalization, [37, 38] doping, [39-
41] defect, [42, 43] hybridized connection, [44-46]
mechanical stretch, [47, 48] adsorption, [49, 50] and
layer stacking [51-53] have been proposed. In most
of the recent studies, the chemical modification is an
effective way in device design. The fluorinated GNRs,
BN sheets, BN nanotubes, etc., have been reported.

In this work we have investigated computationally
a GNR-junction with different chemical modifications
to the junction. Our model consists of two contacts and
ascattering region through which the current is carried
between the contacts held at different bias voltages.
The system is an infinite zigzag GNR with a chemically
modified regional at the midway that acts as scattering
region. The resultant current-voltage curves indicate
NDR phenomena in the case of adjusting atoms,
different from carbon, at the junction. This provides a
great promise in the field of nanoelectronics. We have
attributed the origin of the NDR in such that junctions
with weakly coupled contacts, to the narrow density of
state (DOS) features of the junction and have justified
it by the calculated DOS diagrams.

MODEL AND COMPUTATIONAL METHOD
The systems under investigation were infinite
lead-connection region-lead systems based on zigzag
graphene nanoribbon. The infinite ribbons are
composed of a benzene ring in the width direction
(ie, 2-zGNR) and are divided into the left- and
right- leads held at different voltages. The connection
region between the two leads is chemically modified
by different compounds manifesting the scattering
region, figure 1. The doping atoms we have employed
are Silicon and Germanium (the green atoms) and up
and down the edges of the nanoribbon are hydrogen-
passivated. The calculations were carried out with
OpenMX computer code.[54] DFT within the
generalized gradient approximation (GGA)[55] for
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the exchange-correlation energy was adopted. Norm-
conserving Kleinman-Bylander pseudopotentials[56]
were employed, and the wave functions were expanded
by a linear combination of multiple pseudo-atomic
orbitals (LCPAO)[57, 58].

Fig. 1: Schematic illustrations of 2-ZGNR.Green atoms are
presented as substituted Carbon atoms by Silicon or
Germanium. Hydrogen and Carbon atoms are colored in
white and grey, respectively.

RESULTS AND DISCUSSION
Transport properties

First, the transport properties of the pure
and doped (Silicon and Germanium) graphene
nanoribbons have been probed. The transmission
function, T(E) is the most important physical
quantity in NEGF-DFT calculations for the
electronic transport. This quantity is determined
by the scattering rate of the (doped) channel region
located between the two leads. For clarifying, the
Fermi level has been set to E,=0. For the system at
equilibrium, the conductance G is evaluated by the
transmission coeflicients T(E) at the Fermi energy
E, of the system G=G T(E,), where G =2¢’h is
the fundamental quantum conductance unit. The
calculated T(E) is shown in figure 2. It is strongly
energy dependent with local minima and maxima
up to 2 (including spin of electrons). Besides the
differences between the diagrams of different
studied systems, the locations of the maxima and
minima in energy axes of the transmission function
are almost the same for the three systems. To
probe this behavior of T (E), the diagrams of the
transmission probability and the density of states
(DOS) at the channel region, versus energy depicted
have been plotted in figure 3 (a-c) for the three
systems. The qualitative (however, not of the same
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dimensions) overlap between the two parameters
reveals the evident dependence of the transmission
probability of the electronic density of the channel.
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Fig. 2: Transmission spectrums for the three studied systems.
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Fig. 3: Transmission and DOS spectrums for a) pure, b) Si-
doped, and ¢) Ge-doped 2-zGNR’s.
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characteristics

The structural symmetric molecular junction
will result in a current-voltage (I-V) curve that
is symmetric with respect to the Voltage sign
change, while an asymmetric junction results in an
asymmetric I-V, curve. So, regarding the studied
structures with high symmetry in the electronic
transport direction, we have obtained symmetric
I-V, curves and have just shown the positive
voltages in the resultant figures.

The self-consistently calculated I-V, curves were
shown in figure 4. The range of V, is chosen from
0.0 to 2.0 V. For small V,, i.e., the so-called Ohmic
(linear) region, the current for pure graphene
nanoribbon is the highest meanwhile that of the
silicon-doped structure is higher than Germanium
doped structure.

For the pure graphene nanoribbon, the current
saturates at about 0.37pA. Thus, the device shows
significant constant current at about 0.4 V.

For Silicon-doped structure the current
decreases by increasing the bias voltage beyond the
linear region (from 0.4V to 0.8V). This decrease
continues until it reaches a constant amount of
about zero. On the other word, the system reveals
a negative differential resistance (NDR) behavior
for about V,=0.4 V to 0.8 V. For Germanium doped
structure the current curve exhibits two hills and
so two NDR behavior for two voltage intervals
between V,=0.4V to V ,=0.6 V as well as the
interval between V,=1V to V, =1.2 V. A point worth
of notice obtained from the diagram is that after
the first NDR region, it takes a rather large voltage
interval for the current to reach the second NDR
region. This property may be crucial in the modern
nanoelectronics switching devices. In conclusion,
a multi switching behavior was observed for
Germanium doped structure.
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Fig. 4: I-V curves of pure, Si-doped and Ge-doped 2-zGNR at
zero gate voltage.
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I-V characteristics under different gate voltages

In order to undertake the gate effect on the
transmission properties, the I-V, for each system
separately under different gate voltages (V)
have been calculated. The resulting diagrams
have been shown in figures 5a-c in which V_is
set to three different values (-3.0, 0.0 and 3.0 V)
and V, is in the range from 0.0 to 2.0 Vin 0.1 V
steps.

It is obvious from the figures that while the
effect of the gate voltages to the I-V, curves
in pure graphene structure is not significant.
For Si-doped structure, besides the similarity
of I-V, curves between the three applied vV, a
considerable difference in the current amount is
observed. In the Ge-doped structure, instead of
Si-doped case, we observe a dramatic change of
the I-V, characteristic for different gate voltages.
As is seen from figure 5¢, at V =0.0 V two picks
in the current profile is present that suggests
two NDR voltage range. The profile takes just
one peak with a single NDR region for both of
V. =+3 V. It is considerable in the case of Si-
doped and Ge-doped structures that suggest a
gate-voltage-controllable device.

To explain these behaviors, the NDR regions
have discussed by transmission spectrums for
correspond bias voltages in the next part. Also,
the partial atomic charge distributions of the
channel region as a function of bias voltage have
been discussed in the next section.

I-V characteristics and Transmission properties

By using the transmission formula, the current
was determined by the integration of over electron
energy in the bias window.

For the Ge-doped graphene, because of its
two NDRs at the V =0.0 V, the transmission
spectrum and the bias windows along with the
integration areas at the important bias points
have been presented in Figure 6. The considered
bias values, corresponding to the maxima and
minima points in the I-V, curves, were related
to the values of 26.663 (peak), 0.804 (valley),
21.542 (peak) and 1.158 pA (valley). This
figure, nevertheless, showed that when the bias
voltage was increased from 0.4 to 0.6 and 0.8 to
1.2V, area under the transmission curve was
decreased; on the other hand from 0.0 to 0.4 and
0.6 to 0.8 V, this area was increased. In other
NDR regions the same analyses were done, but
for brevity, they have not been presented here.
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Fig. 5:1-V curves for a) pure, b) Si-doped, and ¢) Ge-doped 2-zGNR
at three studied gate voltages (+3.0, 0.0 and -3.0 volt).
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Fig. 6: Integrated bias windows of transmission spectrums
at corresponding bias voltages to the maxima and
minima points in the I-V, curve for Ge-doped at
Vg=0.0 V.
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The partial atomic charge distribution
Pure 2-ZGNR system

Changing of the partial atomic charge in the
scattering region between the two electrodes, as
well, explained the I-V| characteristics. For thisidea
the partial atomic charge distribution in the center
part of the system’s scattering region containing
those carbon atoms at the left (CL) and right (CR)
sides of substituted atoms which are connected to
substituted atoms (CC) has been investigated for
different bias voltages.

By Mulliken population analysis, the variations
of the partial atomic charge distribution (at CL, CR
and CC) by increasing the bias voltage (from 0.0
to 2.0 V) at the imposed gate voltages (0.0, 3.0 and
-3.0 V) have been studied. The results have been
shown for pure, Si-doped and Ge-doped 2-zGNR
as figures 7, 8 and 9, respectively.

For pure graphene nanoribbon while the
partial atomic charge on CC atom doesn’t have
any change by the bias voltage, the partial
atomic charge on CR carbon decreases with
corresponding increases on CL. The curves are
almost the same with just small shifts for the three
gate voltages. On the other word, the diagrams
show an increase of the partial atomic charge on
the left side carbon with a commuting decrease
on the right side carbon and it is constant on the
central substituted atom. All the above results
show that the movements of the electrons are
from the left atom to the right atom via the
central substituted atom. Due to the constant
amount of partial atomic charge on the CC atom
of this structure, we expect a direct relationship
between the current and the difference of partial
atomic charge on the CL and CR by applying the
bias voltage. The diagrams of figure 5a justify this
claim; the current increases from 0.0 to 0.4 volt,
as is shown in figures 7a- ¢, being zero at un-
biased condition, the difference of partial atomic
charge on CL and CR increases by increasing the
bias voltage. However, in both of the current and
partial atomic charge diagrams, an abrupt change
is observed at 0.4 V. The saturation of the current
above 0.4 V can be ascribed to the constant
charge capacity of the channel which does not let
continues increase of its charge and is obvious
from the constant amount of the channel charge
by changing the bias voltage beyond 0.4 V. The
interpretation of the corresponding diagrams at
the next paragraph for the other two systems,
Ge- and Si-doped, will clarify this point.
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Fig. 7: Changing of partial atomic charges on the CL, CC, and
CR atoms at different bias voltages and a) Vg:—3.0 b)
V,=0.0,¢) V,=+3.0 V for pure 2-zGNR.

Si-doped 2-ZGNR system

The partial atomic charge for Si-doped graphene
nanoribbon at several bias voltages and three
imposed gate voltages are plotted in figures 8a- c.
As can be seen from these figures, at very small
biases, it appears that the partial atomic charge on
silicon is constant and is accompanied by increase
of partial atomic charge on the left side carbon
atom and decrease on the right side carbon atom.
These results are in an increasing current by the
applied voltage. Then a decrease of the partial
atomic charge of silicon atom induces NDR in the
current diagram. The more elevated voltages keep
the silicon atom’s partial atomic charge constant
and results in saturation of the current, as in the
pure GNR.
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Vg:0.0, c) Vg:+3.0 V for Si-doped 2-zGNR.

Ge-doped 2-ZGNR system

For Ge-doped graphene nanoribbon the partial
atomic charge at several bias voltages and three
imposed gate voltages are plotted in figures 9a- c. As
can be seen from figure 9b at zero gate voltage the
partial atomic charge on Ge is constant up to 0.6 V
and then undergoes a decrease which is followed by
an increase. It keeps a constant amount until another
decrease. Looking back to figure 5c we observe a
corresponding behavior in the current-voltage plot
where two NDRs are observed just at the voltages of
partial atomic charge decreasing.

The most important phenomenon achieved by
these investigations are those first, the abrupt varying
of the partial atomic charge of substituted atom is
simultaneous with the changing the partial atomic
charge on the left and right sides, carbon atoms, and
the second is that there are almost the same extreme
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points for both of the substituted atom partial atomic
charges and current curves.

In this system at other applied gate voltages as is
observed from the figures 9b and 9c, the partial atomic
charge on Ge undergoes a decrease after an interval of
a constant amount of changing the bias voltage. Then
it rests on this constant amount.

Comparing the diagrams with the corresponding
current-voltage plot manifests, again, that the current
follows changes of the partial atomic charge showing
just one NDR voltage interval.
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Fig. 9: Changing of partial atomic charges on the CL, CC, and
CR atoms at different bias voltages and a) Vg:—3.0 b)
V,=0.0,¢) V =+3.0 V for Ge-doped 2-zGNR.

CONCLUSION

In this work the quantum transport properties
of pure and functionalized infinite lead-connection
region-lead system based on zigzag graphene
nanoribbon (2-zGNR) by applying the DFT+NEGF
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first principles method have been investigated. The
connection region between the two leads is chemically
doped with Silicon and Germanium (the central
two atoms). The main aims of this research were
to computationally study the effect of the doping
functionalization and variations of the gate voltages
on the quantum transport of the 2-zGNR at different
bias voltages. The results were presented as the current
versus the bias voltage (I-V,) curves with unique
properties for per studied systems, showing one or
multiple negative differential resistances (NDR).
Therefore, a multi switching behavior of gate voltage
0.0 V, and nano-switch behavior at other studied gate
voltages (V =+3.0 V) were observed for Germanium
doped 2-zGNR. Also, the Silicon doped one could be
used as nano-switch at studied gate voltages. Whereas,
there weren't any switching behaviors for pure 2-zGNR.
The multiple NDR’s was discussed and interpreted in
the terms of the transmission spectrum and its integral
inside of the corresponding bias window. The partial
atomic charge distribution in the center part of the
system's scattering region containing carbon atoms at
the left and right sides of substituted atoms which are
connected to substituted atoms has been investigated
for different bias voltages, too. The most important
phenomenon achieved by these investigations are those
first, the abrupt varying of the partial atomic charge of
substituted atom is simultaneous with the changing the
partial atomic charge on the left and right sides, carbon
atoms, and the second is that there are almost the same
extreme points for both of the substituted atoms partial
atomic charge and current curves.
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