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urrent trends in manufacturing in-

dicate that electronic device minia-

turization at the nanoscale faces im-
portant challenges using conventional top-
down approaches. For example, the
assembly of nanocircuits from nanoscale
components such as nanowires (1D) and
nanoclusters (0D) to form useful circuit
nanoelements is plagued by a number of
important roadblocks and difficulties. In
that respect, the hierarchical assembly of
molecular building blocks into ordered ar-
rays has been a recent subject of intense de-
velopment. These assemblies could involve
DNA and RNA (biological blocks)," 3 nano-
particles (0D blocks),* ¢ and inorganic
nanowires (1D blocks).” ~® Carbon nano-
tubes (CNTs) are particularly appealing can-
didates for a bottom-up approach to de-
sign novel electronic devices. This is due in
part to their conducting or semiconducting
behavior and ballistic transport properties
(as they possess coherence length larger
than their typical physical length). Notably,
fundamental electronic components based
on isolated nanotubes have already been
reported.'®”'* A further step was achieved
with 1D blocks (inorganic nanowires),
where a single crossbar can act as nano-
scale avalanche photodiodes'® or program-
mable nonvolatile memory devices.'® A 3
X 1 nanowire (Si or GaN) network (3 nodes)
has been reported to perform as AND or
NOR logic gates,'” and a 4 X 4 network (16
nodes) was constructed to work as an ad-
dressable decoder nanosystem.'® Specifi-
cally, Zhong et al.'® modified well-defined
cross points of the network at the molecu-
lar level to define address codes that enable
nanowires input lines to be turned on and
off.

Recently, different architectures of or-

dered networks built using defect-free 1D
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ABSTRACT Electrical current could be efficiently guided in 2D nanotube networks by introducing specific

topological defects within the periodic framework. Using semiempirical transport calculations coupled with

Landauer—Buttiker formalism of quantum transport in multiterminal nanoscale systems, we provide a detailed

analysis of the processes governing the atomic-scale design of nanotube circuits. We found that when defects are

introduced as patches in specific sites, they act as bouncing centers that reinject electrons along specific paths,

via a wave reflection process. This type of defects can be incorporated while preserving the 3-fold connectivity of

each carbon atom embedded within the graphitic lattice. Our findings open up a new way to explore bottom-up

design, at the nanometer scale, of complex nanotube circuits which could be extended to 3D nanosystems and

applied in the fabrication of nanoelectronic devices.

KEYWORDS: carbon nanotube - nanolectronics - defect - electronic

properties - quantum transport

blocks (e.g., nanotubes) have been de-
scribed in the literature,’®2° including a
general mathematical algorithm to design
different types of architectures to theoreti-
cally characterize them.'® A CNT-based non-
volatile random access memory (RAM) has
been proposed for noncovalent networks
configurations.?' Experimentally, noncova-
lent 2D networks (with 3 to 12 nodes) were
obtained using CNTs.? Recent and efficient
methods to assemble inorganic nanowires
into stacked (non covalent) ordered arrays
using the Langmuir—Blodgett technique,®
complemented by the coalescence (neigh-
boring CNTs that merge at their contact
point) property of CNTs?>~2° suggest the
possibility of experimentally generating co-
valently bonded 2D and 3D CNTs networks.
While defect-free systems are often con-
sidered the most desirable, the introduc-
tion of defects in the CNTs sp? lattice is
known to potentially lead to unusual prop-
erties and novel nanodevices.?® Defects
have been studied in isolated nanotubes
such as vacancies,?” generalized Stone-
Wales (SW),2%?® add-dimers,?® and 5—7
pair defects.3°! Some of these defects can
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Figure 1. (a) Schematic representation of the hierarchy algorithm™®
used to strategically localize patches of defects (Haeckelites) along a
network. The resulting structure is a hybrid multiterminal block. (b)
(6,6) SG block and the two hybrid blocks with their conductance and
DOS graphs below. An enhanced conductance around the Fermi en-
ergy is found for path A - E and B D in the hybrid cases (green con-
tinuous and pointed line, respectively), due to the incorporation of
patches of defects. black lines, DOS; blue dashed lines, A - B electronic
path conductance; red dashed and pointed line, A ~ D electronic path
conductance; green continuous line, A - E electronic path conduc-
tance; green pointed line, B ~ D electronic path conductance.

be generated by irradiation, using either an electron
beam?>? or argon ion doses.>* Another type of defect
that modifies the electronic properties of nanotubes
can be obtained from heterochemical doping with spe-
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cies such as boron,** nitrogen,®” sulfur,>® or phospho-
rus.®’

In the present paper, we explore the effect of topo-
logical defects (i.e., nonhexagonal rings) on the elec-
tronic transport properties of ordered networks based
on carbon nanotubes (ON-CNTs). When the defects are
incorporated strategically as patches within the net-
work, they are found to adopt a behavior similar to that
of intradevices, possessing the property of guiding elec-
tronic currents along specific paths through the nano-
mesh. This effect is studied in detail, and a general ex-
planation of the physical phenomena governing the in-
tradevice functions is presented.

DISCUSSION

Following the recently described hierarchy algo-
rithm,"® we have incorporated patches of topological
defects along a number of ON-CNTSs. In particular, hy-
brid blocks have been designed using a perfect (6,6) su-
pergraphene (SG) block'®2° by adding a portion of
Haeckelites,*® as schematically shown in Figure 1a. A
Haeckelite structure is known as a sp? carbon network
containing combinations of pentagonal, hexagonal,
and heptagonal rings.®® The SG architecture used in
this study was specifically chosen for two reasons. First,
the basic constructor block (a 4-terminal device) self-
contains two nodes connected by a CNT (superbond),
which allows the incorporation of patches of defects in
the basic construction block. Second, the (6,6) SG block
possesses conducting leads (i.e., the natural way to con-
nect the (6,6)-SG node is with (6,6)-based electrodes)
due to the chirality, which indicates the presence of in-
coming electrons at the Fermi level. Here, two different
hybrid networks, which differ by the type of Haeck-
elites used, were constructed. Each system exhibits a
unique arrangement of the pentagons and heptagons
inside the patch of defects. By comparing the results
obtained with the two systems, we then studied the ef-
fect of a patch of defects on the conductance proper-
ties of the hybrid network, independently of the type of
Haeckelite used (atomic models can be seen in the
right column of Figure 1b, where defective rings are
represented in light color).

As reported before,** the conductance curves ex-
hibit a zero transmittance probability at the Fermi level
for the (6,6) SG block in the absence of a patch of de-
fects (see first graph in Figure 1b). A striking result ap-
pears once the patch of defects is incorporated: in that
case we observe a large enhancement in conductance
for specific paths at energies around the Fermi level
(see green continuous curves in second and third con-
ductance graphs in Figure 1b). As can be seen from the
conductance graphs (Figure 1b), three inequivalent
paths (A~ D, A B, and A - E) are observed in the (6,6)
SG block. Once the patch of defects is incorporated, the
A « E path is no longer equivalent to the D — B one
(due to a lowering of symmetry from the Haeckelites
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under the mirror plane perpendicular to
their axis), thus causing the appearance
of four inequivalent paths (A~ D, A B,
A o E, and D - B). Conductance peaks
(quasi-resonances) around the Fermi en-
ergy appear for paths A- Eand D - B,
while the other two inequivalent paths
A oD and A - B remain with zero con-
ductance around the Fermi energy. It is
remarkable that the role of the defects
here is to enhance the conductance
properties along specific electronic
paths. This phenomenon, which is re-
lated to conservation of current in multi-
path systems, can be further exploited
for driving electrical current through ar-
bitrary trajectories along an ON-CNT (Fig-
ure 1a, right).

To understand the electronic process
governing the observed phenomenon, a
set of basic blocks was designed starting
from the perfect or defect-free (6,6) SG
block, and progressively incorporating
generalized Stone—Wales type defects
one-by-one (a total of 12 generalized
Stone—Wales type defects were neces-
sary to obtain an Haeckelite (6,6)-H1
structure). Each system was character-
ized with the calculations of the DOS,
conductance, LDOS, and traveling elec-
tron wave function. All the structures
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Figure 2. Top panel (a) shows the incorporation of SWs by rings (four SWs at each ring). The
plot on the right shows that the increase in conductance at path B — D appears when two and
three rings are present while path A - E presents the conductance increase when three SW
rings are present. The lower panel (b) shows the incorporation of SWs one by one (defective
rings marked by white color), from the first ring to the second ring. Its conductance graphs de-

Conductance

analyzed were first relaxed using the clas-
sical Tersoff—Brenner potential, which is
known to compare well with more so-
phisticated methods.*> Figure 2 summarizes the con-
ductance study, using a combination of two comple-
mentary analyses. The first analysis is performed at a
“ring-level”, where one ring includes four SW defects
depicted in white in Figure 2a. The second analysis is
carried out at a finer level of detail. In this case we inves-
tigate the systems from the 1-ring case to the 2-ring
case by incorporating each individual SW defect (one-
by-one) as illustrated in Figure 2b.

The conductance graph shown in Figure 2a corre-
sponds the A » E and B - D nonequivalent electronic
paths. A conductance enhancement appears for both
paths between 0 and 1 eV. The increase in conductance
for path B - D appears in the 2-ring block case (solid black
line in the graph) while path A - E reveals the conduc-
tance peak in the 3-ring case (solid gray line); these quasi-
resonances occur when the Stone—Wales ring is spa-
tially closer to each electronic path, respectively. The path
A - D (i.e, crossing the superbond) maintains a conduc-
tance gap. The more detailed analysis in Figure 2b pre-
sents the first conductance peak for the B — D path at 0.30
eV, when two SWs are incorporated. A second conduc-
tance peak appears with three SWs, at 0.58 eV, and finally
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pict the conductance peaks appearing between 0.30 and 0.58 eV.

when the four SW defects are inserted (the second ring),
both peaks merge into a broad conductance peak. The
path A - E also keeps a conductance gap as expected,
since the defects were incorporated far away from the
terminals.

The DOS analysis is presented in Figure 3. Here, we
focus on the energy range corresponding to the en-
ergy region where the conductance is enhanced. We
will concentrate on two special energy values, at 0.30
and 0.58 eV. In the analysis outlined above, we found
that the concept of “patch of defects” can be used to ex-
plain the critical role played by the collective or con-
certed effects of multiple defects. In particular, we em-
phasized the critical role of charge delocalization as the
driving force for current enhancement/suppression. A
quasi-bound state corresponds to a localized electronic
charge in space, associated with a narrow peak in the
DOS curve. Likewise, the narrowness of the peak is re-
lated to a large lifetime of the electron in the state, in
other words the state will typically yield a very small
transmission. The physical underlying origin of those
basic principles derives directly from the uncertainty or
Heisenberg principle. All-in-all, the quasi-bound states
are known to deteriorate the transport properties at

’
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Figure 3. DOS and LDOS showing that the incorporation of a patch of defects (defects close
enough to interfere) produce charge delocalization revealed here as broader peaks (quasi-  considered as individual defects, since they
bound states getting delocalized) on the energy axis at the DOS graphs. This is confirmed by o\ constitute the elementary motif of
the LDOS plot where the 1-ring + 2SW case shows a charge ring when the two SW defects
are close enough to interfere with each other (white spots inside the dotted rectangle).

their energy®® since the localized charge plays the role
of scatterers (nontransmitting states with large lifetime).
A spread peak in the energy space corresponds to a re-
duced lifetime and to a reduction in available quasi-
momentum values (k-points) at the specific energy.
Turning to the DOS analysis, when we follow the evolu-
tion of the peak at 0.30 eV for increasing number of de-
fects (see left graph in Figure 3), we observe the ab-
sence of a peak when only 1-ring of SW defects is
present (dashed gray line in right graph Figure 3), then
a peak appears (black dashed line in left graph in Figure
3) when one SW is incorporated. As shown by the LDOS
plot, the increase in electronic states is concentrated in
the position of the added SW defect (red color indicat-
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centered at 0.30 eV keeps on spreading. A
similar phenomenon is observed at 0.58
eV, where the second conductance peak
appears. There is a sharp DOS peak when
one and two Stone—Wales defects are in-
corporated (dashed curves in left graph
in Figure 3). When three SWs are incorpo-
rated (which is when the conductance
peak appeared), this sharp peak disap-
pears and the increase in electronic states
is distributed homogenously in the DOS
curve (solid lines in left graph in Figure 3).
These observations indicate that even
though an isolated SW defect generates
quasi-bound states, an array of such de-
fects close to each other (patch of defects)
can induce delocalization of such elec-
tronic states, accompanied by the appear-
ance of conductance peaks for specific
electronic paths. It is worth noting that
when all the possible Stone—Wales rota-
tions are performed to obtain a Haeckelite
structure, the “defects” can no longer be

the structure. It follows that the SW-
induced states are now delocalized across
the whole Haeckelite segment and the concept of quasi-
bound states can in fact no longer be invoked, strictly
speaking. Further insight can be obtained by analyzing
the traveling electron wave function, at the eigen-channel
level, for the two energy points of interest (0.30 and 0.58
eV).**446 Figure 4 depicts the 0.30 eV case with the LDOS
of the basic block and the amplitude of the incoming trav-
eling electron wave function (from lead B). The actual con-
ductance values for each case presented on Figure 4 are
tabulated in Table 1.

The conductance values indicate that the peak ap-
pearing when two SW defects are incorporated, origi-
nates from conduction by channel 7. The wave func-
tion amplitude plots show how the traveling electron is
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Figure 4. LDOS and scattered electron wave function analysis at E = 0.30 eV, where the
first conductance peak appears at the 1-ring + 2SW case. The conductance (see Table 1)
values indicate that the increase in conductance is due to the eigen-channel m, when
two SWs interfere with each other. This collective effect caused charge delocalization
into a ring which plays the role of a bouncing barrier for the incoming traveling elec-
tron, thereby redirecting it into the B . D path. In the case of no added Stone—Wales de-

Channel T

2 rings that in the absence of the
patch of defects, the travel-
ing electron incoming from
lead B is reflected by the 60°
angle composed of the two
nanotubes junction at the op-
posite of the incoming termi-
nal (see the dashed rectangles
in channel  plots) without
any bouncing effect. When
the second ring of SW defects
is fully incorporated, the
bouncing effect of the travel-
ing electron is improved in-
creasing the conductance
through path D - B. These ob-
servations suggest that the
patch of defects promotes the
reflection (bouncing effect) of
the traveling electron, leading
the incoming electron to
leave the multiterminal de-
vice by terminal D (i.e., differ-
ent from the incoming termi-
nal), thereby increasing the
conductance through this
specific path. When the sec-
ond ring is fully incorporated,
the charge in the middle ring
decreases and becomes delo-
calized into the full patch in-
cluding the upper ring (see
channel m* plots; comple-
mented by LDOS plot), which
leads to an improvement of
the conductance through this
channel by reflecting (bounc-

fect, the incoming traveling electron is reflected by the 60° angle opposite to the incom-  ing) part of the charge com-

ing terminal (dashed rectangle); while with four SWs (two rings) the bouncing barrier
has a stronger effect; a large portion of the wave function amplitude is redirected to-

ward the B—D path.

reflected by the patch of defects. This reflecting effect
will be denoted “bouncing” effect. When compared to
the OSW case and the 1-ring + 1SW case, we observe

|
TABLE 1. Conductance Values from the Eigen-Channel
Analysis at E = 0.30 eV’

B~D AoE
channel channel channel channel
* k= 1.92/a0 7k = 2.20/a0 * ™
1-ring + 1SW 0.00 0.00 0.00 0.01
1-ring + 2SW 0.00 0.72 0.00 0.01
1-ring + 3SW 0.14 0.75 0.00 0.01
2-rings 0.45 0.89 0.00 0.01

“A conductance increase for path B D from eigen-channel 7= was observed since
1-ring + 2SW are present. The electronic path A — E maintains zero conductance as
expected since the SW defects rings are far away from such terminals.

www.acsnano.org

ing with the traveling electron
from lead B to lead D on chan-
nel 7*. This analysis based on
the scattering wave function
decomposition of the conductance confirms the analy-
sis based on LDOS and further highlights the key con-
certed role of multiple defects.

CONCLUSION

In summary, we have shown that structural alter-
ations, when strategically incorporated as patches
of defects along carbon nanotube networks, can be
used to program a complex nanotube circuit to en-
hance the conductance along specific paths. We
demonstrated that while single defects are charac-
terized by the presence of quasi-bound states,
patches of defects lead to a charge delocalization,
which is accompanied by a “bouncing” phenomena
that redirects the incoming traveling electrons to a
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given trajectory. The theoretical predictions pre-

sented here should motivate dedicated experimen-
tal work to explore the feasibility of assembling co-
valent ordered networks based on CNTs as a crucial
step for the future of nanoelectronics. For example,

METHOD

The electronic transport properties were calculated with the
Landauer—Buttiker formalism®®~ 4" and equilibrium Green func-
tions, taking curvature into account by a semiempirical Hamilto-
nian based on four orbitals (s, p,, p,, p,) per carbon atom.*? The
study of the scattered wave functions was carried out using a
methodology used previously in ref 43. Details of the methods
used are reported in ref 44,
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