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We investigate using the Landauer formalism, which combines both the non-equilibrium Green’s function and density functional
theory, the effects of separation and orientation between two electrodes of boron-doped capped-carbon-nanotube-based molecular
junctions on negative differential resistance. The results show that this negative differential resistance behavior is strongly de-
pendent on the separation and orientation between the two electrodes. A gap width of 0.35 nm and maximal symmetry achieves

the best negative differential resistance behavior.
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In recent years, progress in techniques for characterizing
and manipulating individual molecules has made it possible
to develop single molecular devices [1]. A number of inter-
esting physical properties, including negative differential
resistance (NDR) [2-10], single-electron characteristics [11],
highly nonlinear current-voltage (I-V) relationships [12],
rectification [13], and so on, have been found in various
kinds of single molecular junctions. The most prominent
among these is the NDR effect, which features a rise and
fall in current as the applied bias voltage is steadily in-
creased. NDR is a very useful property due to its utility in
molecular devices such as molecular switches, logic cells
and memory storage. NDR behavior has been found in
many systems, such as oligo(phenylene ethynylene) (OPE)
molecular junction with nitro and amino groups on the cen-
tral phenyl ring [2], porphyrin junction with side groups [3],
anthracene junction [4], metallic and semiconducting clus-
ters [5], nitrogen-terminated single-wall carbon nanotube
(SWCNT) junction [6], and Cyy; [7] and C,3; [8] molecular
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junctions.

In a previous study, we performed a theoretically study
of the electron transport properties of boron-doped capped-
SWCNT junctions [14]. Our results showed that their elec-
tron transport properties are strongly dependent on the do-
pant site, namely, a, b, ¢, d, and e sites (see Figure 1).
Moreover, NDR behavior can be observed if boron is pre-
sent in the tip region, i.e. a, b, and c sites; in particular, the ¢
doping site gives rise to the highest peak-to-valley ratio
(PVR). Because no bridging molecule is used, the structure
of this NDR device is simpler compared with ordinary mo-
lecular NDR devices.

It is well known that the distance between electrodes can
strongly affect the electron transport properties of a molec-
ular junction [15,16]. Recent advances in nanofabrication
techniques permit a precise control of the gap size in be-
tween the SWCNT electrodes [17]. One fundamental though
intriguing question arises: how does the distance between
two SWCNT electrodes affect the NDR behavior in the bo-
ron-doped capped-SWCNT junction? Moreover, it is also
interesting to explore the effect of orientation between two
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Figure 1 Schematic illustration of the capped-SWCNT junction showing
dopant sites and division into regions for calculation purposes. In our stud-
ies boron atoms occupy the c-site.

SWCNT electrodes on the NDR behaviour [15]. With this
aim, we performed a theoretical simulation using the Lan-
dauer formalism that combines both the non-equilibrium
Green’s function (NEGF) and density functional theory
(DFT) to study these effects.

Figure 1 shows a schematic of a boron-doped capped-
SWCNT(5,5) junction. Both capped-SWCNT(5,5) elec-
trodes are closed with fullerene hemispheres with opposing
boron atoms at the c¢ sites. In theoretical simulations, the
molecular junction is divided into three regions: the left
semi-infinite electrode (L), the central scattering region (C),
and the right semi-infinite electrode (R). The tip gap width,
i.e. the distance w between the two tips, is set at 0.20, 0.25,
0.35 and 0.40 nm, respectively. As stated in our previous
work [14], the structures comprising the O region have been
optimized using the SIESTA package [18], and the electron
transport calculations have been performed using the ATK
package [19,20], which combines DFT and NEGF.

Figure 2 shows the calculated I-V curves for each junc-
tion for pre-set tip gap width. The bias voltages are in the
range 0—1.5 V, which is reasonable for experimental meas-
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Figure 2 -V curves of junctions with preset tip gap widths.
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urements [21]. From the I-V curves, it can be seen that the
current decreases dramatically with increasing tip gap over
the whole bias voltage range. In addition, we can see that tip
gap width strongly affects the NDR behavior: the PVR
weakens when this width decreases from 0.35 to 0.25 nm,
and it vanishes completely at 0.20 nm; the PVR drops
slightly as the width increases from 0.35 to 0.40 nm. As a
result, a width of 0.35 nm gives a relatively good NDR be-
havior with regard to peak height and PVR value.

To understand the effect of width on NDR behavior, we
calculate the transmission spectrum of our molecular junc-
tions setting w =0.20, 0.35 nm with bias voltage 0, 0.20,
0.55, 0.90 and 1.20 V, as shown in Figure 3. The current is
calculated using the Landauer—Biittiker formula [22]:

1=Qe/[ " (f,~ T (EV)AE.

where g =E.F eV/ 2, Er is the Fermi level, f the Fermi

distribution function, and 7(E,V) the bias-dependent- trans-
mission function. Consequently, only electrons with ener-
gies within the energy region, [z4.,4], contribute to the total
current; this region is called the bias or integral window.
Setting Ef to zero, the bias window actually covers the re-
gion [-V/2,V/2]. Thus, the current is determined by the in-
tegral of T(E,V) over the bias window. For the junction with
width w=0.20 nm (Figure 3(a)), there is always a strong
and broad peak in the bias window, which remains essen-
tially unchanged as bias voltage increases. As a result, cur-
rent will continually increase and NDR behavior will not be
present. In contrast, for the junction with width w=0.35 nm
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Figure 3 Calculated transmission spectra of the molecular junctions with widths (a) w=0.20 nm, (b) w=0.35 nm under bias voltages 0, 0.20, 0.55, 0.90
and 1.20 V. The region between the two vertical solid lines indicates the bias window.

(Figure 3(b)), there is also a strong and broad peak just be-
low Er under small bias voltages, resulting in an initial in-
crease in current. However, the applied bias voltage simul-
taneously reduces the peak height. The overall reduction in
peak height suppresses any gain resulting from a wider bias
window, leading to a net drop in current as the bias voltage
exceeds 0.55 V; this suppression constitutes the NDR be-
havior.

To understand the different transmission characteristics
with tip gap width, we project the density of states (PDOS)
onto the C regions of the left (solid line) and right (dashed
line) tubes of the molecular junctions for widths w =0.20,
0.35 nm under bias voltages 0 and 1.20 V [7], as shown in
Figure 4. From the PDOS spectra, we can see that these two
sets of PDOS peaks are degenerate in energy in the zero-
bias case, and there are obvious PDOS peaks just below Ef
that give rise to strong and broad transmission peaks in Fig-
ure 3 near Er. If a 1.20 V bias voltage is applied, then for
the junction with small gap width (Figure 4(a)), these two
sets of PDOS peaks are still nearly degenerate in energy
near Er. As a result, the peak in the bias window does not
change substantially as bias voltage increases (Figure 3(a)).
In contrast, for the junction with larger gap width (Figure
4(b)), these two sets of PDOS peaks are non-degenerate in
energy near Ep if a 1.2 V bias voltage is applied. Conse-
quently, there is no obvious transmission peak near Ep (Fig-
ure 3(b)).

Finally, we explore the effect of orientation between the
two SWCNT electrodes on the NDR behavior by rotating
the right tube around its symmetry axis while maintaining a
fixed tip gap width (0.35 nm) [15]. Clearly the rotation re-
duces the symmetry of the molecular junction. We present
in Figure 5 the corresponding I-V curves and PVR values
for different rotation angles; these curves show a strong
angular dependence in NDR behavior. The PVR value
drops from 2.58 to 1.09 over an angular range 0°-72°, and
vanishes as the rotation angle exceeds 72°. Thus, the maxi-
mal symmetry, i.e. opposing boron atoms, gives rise to the
best NDR behavior for our junctions.
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Figure 4 The PDOS of the left (solid line) and right (dashed line) tube of
the C region in the molecular junctions for (a) w=0.20 nm, (b) w=0.35 nm
under bias voltages 0 and 1.20 V. The characters L and R identify the left
and right tube.

In conclusion, we have investigated the effects of tip gap
width and orientation between the two electrodes on the
NDR behavior of boron-doped capped-SWCNT junctions.
The results showed that the NDR behavior is strongly de-
pendent on the width and orientation between the two
SWCNT electrodes. A width of 0.35 nm and maximal
symmetry gives rise to the best NDR behavior. We believe
that our results will be helpful for the application of the
SWCNTs in the field of NDR devices.
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