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ABSTRACT
It has been reported that N and B doping induce a quasi-bound state that
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Accepted: 8 February 2016 suppresses the conduction in graphene nanoribbon (GNR)-based junctions,

while an H defect or a pyridine-like N-atom (PN) substitution at the edge of the

Ol Wity P GNR does not affect the transmission close to the Fermi energy. However, these

Al Spatga g i results may vary when the size of the functional unit of the GNR junction

Itaie llbeg AULE decreases to a molecular level. In this study, a defect is introduced to a test-bed
architecture consisting of a polyacene bridging two zigzag GNR electrodes, which
KEYWORDS : i
changes the molecular state alignment and coupling to the electrode states,
graphene, and varies the equivalence between two eigen-channels at the Fermi level. It
defect, is revealed that B and N atom substitution, and H defects play a dual role in

electron transport, the molecular conductance, whereas the PN substitution acts as an ineffective

molecular electronics, dopant. The results obtained from density functional theory combined with the

single-molecule studies non-equilibrium Green'’s function method aid in determining the optimal design

for the GNR-based ultra-small molecular devices via defect engineering.

1 Introduction a Si-based one. For example, N (or B) impurity doping

in carbon nanotubes (CNTs) [6-8] can induce a quasi-

Defect engineering, such as impurity doping [1, 2]
or H defects [3-5], is of paramount importance in
quantum information processing in conventional Si
electronics. Therefore, it is not surprising that this
operating principle has also inspired substantial efforts
to introduce defects in carbon materials, thereby
encoding and transferring information through an
even denser, faster, and more efficient circuitry than
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bound donor (or acceptor) state, which leads to a total
quantum blockade above (or below) the Fermi level
[6]. In comparison, N and B doping exhibit stronger
features in graphene nanoribbons (GNRs), depending
on the position of the dopant, ribbon width, symmetry,
etc. [9-14]. In particular, Martins et al. showed that B
doping can weakly (strongly) reduce the spin-down
(up) transmission channels in zigzag GNRs (ZGNRs),



and that such anisotropy could be magnified by
decreasing the width of the nanoribbons or by
increasing the amount of doping atoms [9]. Blanca
et al. observed that when the impurity preserves the
mirror symmetry in armchair GNRs, no backscattering
is obtained during the transport process [10]. They
also demonstrated that doped ZGNRs exhibit an
unusual acceptor-donor transition. Yu et al. showed
that the impurity state caused by N in ZGNRs could
appear either above or below the Fermi level depending
on the position of the dopant [11]. Similar findings
were obtained by Blanca et al. when they examined
the effect of B doping in ZGNRs [10]. Li et al. reported
that a single N-atom substitution transforms an
antiferromagnetic semiconducting ZGNR into a spin
gapless semiconductor, while a double edge substitu-
tion produces a metallic N-doped graphene [12].
They also showed that a pyridine-like N (PN) [7, 12]
has little influence on the edge states of ZGNRs.
Furthermore, Martins et al. confirmed that an H defect
at the edges of the GNRs can introduce localized o
states far from the Fermi level and does not affect the
transmission coefficient of the tunnel junction close
to the Fermi energy [14]. Along this line, challenges in
the preparation of efficient and reliable GNR-based
devices via defect engineering can still be expected.

N

doping doping

B

For example, to meet the demand for further minia-
turization, the size of the functional block of the GNR
junction is required to decrease to a molecular level,
where our understanding of the defect engineering is
still in its infancy. To explore this issue, we have shrunk
the device component of a ZGNR-based junction to
its ultimate size limit, polyacene (PA) molecules, and
have introduced a defect as a test-bed structure.

In this study, the influence of impurity doping
(including single B- and N-atom substitution, and
PN substitution) and H defects on the conductance
characteristics of a PA containing two to eight aromatic
carbon rings, denoted hereafter by PA2 to PA8, were
investigated. ZGNRs with six zigzag chains were
used as electrodes. The PA represents a fragment of
the m-bonded carbon network of the electrode, and
consequently it is incorporated into the junction by
seamless coupling. The junction with a PAS8 in the
device region is selected as an example in Fig. 1 to
schematically show the two-probe transport system:
U1-U4 (A sub-lattice) and D1-D4 (B sub-lattice) denote
the doping positions for a single B and N-atom
substitution. U1-U4 positions also correspond to the
H defect and PN substitution. The marked positions
U and D in Fig. 1 show all the non-equivalent positions
for doping the PA with a single-atom or an H defect.

H PN
Defect doping

Figure 1 Schematic illustration of the two-probe system with a PA8 containing eight-fused benzene rings in the central region. There
are two types of sub-lattice carbon atoms in the junction: A and B. U1-U4 (A sub-lattice) and D1-D4 (B sub-lattice) represent the doping
positions for a single B and N atom substitution; U1-U4 also represent the positions for an H defect and PN substitution. The part in the red

box corresponds to the device region.
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2 Results and discussion

Before studying the effect of defect engineering on
the molecular conductance, it is necessary to first
clarify the conductance features of pristine PA. The
equilibrium conductance is given by Eq. (1).

G="T(E) x G, 1)

where T(E) is the transmission spectrum, E; is the
Fermi energy, and G, = 2¢*/h is the conductance
quantum [15]. The black solid circles in Fig. 2 represent
the conductance of pristine junctions. It is interesting
to note that the molecular conductance does not
decrease exponentially with the molecular length,
which is normally associated with tunneling [16], but
it increases gradually from PA2 to PAS8 [17].

To explore this unusual length-dependent conduc-
tance, we studied the zero-bias transmission spectra

(black curves) of pristine PA3, PA5, and PA8 shown
in Figs. 3(al), 3(b1), and 3(cl). For each system, three
transmission resonances contribute to the conductance.
One is situated at the E; while the other two are more
distant, as indicated by the black arrows. As the
molecular length increases from PA3 to PAS, the latter
two resonances gradually approach the E;. The large
overlap in the tails of these two resonances enhances
the transmission coefficient at the E; for longer PA
molecules. This facilitates the increase in junction
conductance with the increase in length.

To determine the origin of the three transmission
peaks, the projected density of states (PDOS) on the
molecule and electrode is plotted in Figs. 3(a2), 3(b2),
and 3(c2). For the three junctions, one significant peak
distributes around the E; on the PDOS of the electrode.
The transmission peak at the E; is attributable to the
electrode edge states, and it results in hybridization
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Figure 2 Equilibrium conductance of the PA-based series with aromatic rings from two to eight: (a) and (b) single B-atom substitution at
U positions (A sub-lattice) and D positions (B sub-lattice); (c) and (d) single N-atom substitution at U positions (A sub-lattice) and D
positions (B sub-lattice); (e) H defect; (f) PN-doped.
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Figure 3 Transmission spectra and PDOS of the PA-based series. PA with a single N-atom substitution: (al) and (a2) PA3 (doped at
D1); (b1) and (b2) PAS (doped at D2); (c1) and (c2) PAS8 (doped at D4). PA with an H defect: (d1) and (d2) PA3 (defect at U2); (el) and
(e2) PAS (defect at U2); (f1) and (f2) PAS8 (defect at U4). PA with PN doping: (g1) and (g2) PA3 (doped at U2); (h1) and (h2) PAS (doped at
US5); (i1) and (i2) PAS8 (doped at U4). The colors of the transmission spectra and PDOS for the PA correlate with those in Fig. 2.

with states of the PA molecule. On the other hand,
the two peaks on the PDOS of the molecules near the
E;, correspond to the renormalized highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) [18], and distribute at the
same energies of the two mentioned transmission
peaks, distant from the E; The good correlation
between the PDOS and the transmission function
indicates that the conductance of pristine PA can be
regarded as a superposition of resonances derived
from one electrode and two molecular states, namely,
the HOMO and LUMO. Since all the junctions possess
the same electrode geometry, the unusual length-
dependent conductance for pristine PA is probably
correlated with the intrinsic electronic properties of the
molecule, particularly, the molecular state alignment,
and its coupling strength to the electrode states. To
demonstrate the evolution of the HOMO and LUMO in
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various pristine PA molecules, the peaks corresponding
to these resonances (indicated by black arrows in
Figs. 3(al), 3(b1), and 3(cl)) have been extracted and
plotted in Fig. 4 (solid black squares). Pristine PA
shows a progressive shift of the molecular states with
respect to the E; as the length increases. In addition,
the broadening of the HOMO and LUMO derived
resonances varies slightly with the PA length. These
two factors lead to a higher conductance for longer
PA molecules.

The impact of defect engineering was then studied.
The doping position or H defects have been sys-
tematically varied to study the resulting variation in
conductance with respect to the pristine material
discussed above. In particular, their impact can be
classified into three groups as follows.

Firstly, in Figs.2(a)-2(d), the conductance of PA
upon B and N doping shows a clear deviation from

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 4 Energy positions of the transmission peaks derived from molecular states: (a) single N-atom substitution at D positions;
(b) H defect; (c) PN-doped. The black solid squares correspond to pristine systems.

the pristine material. In particular, single B- and N-
atom substitution play two clear and opposite roles
in molecular conductance: When the length of the
PA is longer than a certain value, the dopant always
suppresses the conductance, but when the length is
shorter than this value, the impurity enhances the
conductance. Thus, doping results in a turning point
in conductance at this critical length. The transition in
conductance induced by B doping at the D position is
revealed at PA5 with no apparent transition caused
by doping at the U position. The transition imparted
by N doping at the U and D positions occurs at PA4
and PAD5, respectively. As previously reported, B and
N impurity doping suppress the transmission on
CNTs [6-8] and GNRs [9-14], and no transition in
conductance is observed on these systems. Hence, it is
clear that B and N doping influence in a different and
complex manner the conductance of a GNR-based
molecular junction shrunk to an ultra-small scale.
Secondly, analogous to the single B and N doping,
the H defect also induces a transition in conductance
at PA5 in Fig. 2(e). In addition, at this length, an H
defect-induced transition in conductance also occurs
when it moves from the Ul to U3 position. The
situation in this case is clearly different from that in
GNRs, where an H defect has no perturbative effect
on the transmission coefficient around the E; [14].
Thirdly, the resultant PN doping-induced conduc-
tance [7] is quite similar in magnitude to its pristine
counterpart, as shown in Fig. 2(f). Again, the PN
substitution is ineffective as dopant, and the response
of the PA-based junction resembles that of ZGNRs [7].
We then studied the origin of the conductance
response for the three groups. The combined tran-
smission spectra and PDOS analysis (colored curves)

are shown in Fig. 3. For each defective system, the
transmission resonances (except the one at the Ey)
contributing to the conductance are denoted by
colored arrows. The corresponding PDOS analysis
shows that these transmission peaks originate from
one electrode state (located at the E;) and several
molecular state-derived resonances. Since the junctions
possess an identical electrode structure, we focused on
the molecular state-derived resonances for the three
defective groups.

To illustrate the first group, we used N doping at
the D position as a representative example. For the
PA3 with N doped at D1, as shown in Fig. 3(al), there
is one resonance derived from a molecular state,
immediately above the E;. The tail of this resonance
contributes greatly to the conductance. It moves closer
to the E; for the PA5 with N doped at D2 in Fig. 3(b1),
but the broadening decreases indicating a reduced
coupling of the electrode states. For the PA8 with N
doped at D4, seen in Fig. 3(c1), this resonance is even
closer to the E;, and almost merges with the electrode
state-derived resonance, decreasing its broadening
even further. For the B-doped series, the corresponding
resonance making a dominant contribution to the
conductance is located immediately below the E;
(Fig. S3 in the Electronic Supplementary Material
(ESM)). It also moves closer to the E; and its broadening
decreases with the increase in molecular length. To
clarify the molecular state alignment with respect to
the E; in greater detail, the energy positions of the
transmission peaks (indicated by colored arrows in
Fig. 3) are extracted and plotted in Fig. 4. For the N-
doped systems, the molecular state-derived resonances
distribute mainly near and above the E; in Fig. 4(a),
while for the B-doped ones, these resonances distribute
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mainly near and below the E; (Fig. 5S4 in the ESM).
The transition in conductance caused by single B and
N doping could be the result of a length-dependent
variation in the molecular level alignment and its
coupling strength to the electrode states.

Concerning the second group, for the PA3 with an
H defect at U2, as shown in Fig. 3(d1), the tail of the
HOMO resonance makes a significant contribution
to the conductance. This resonance moves gradually
closer to the E; with increasing molecular length, as
shown in Figs. 3(el) and 3(f1). Its broadening clearly
decreases for the PA8 with a defect at U4. The details
of the molecular level alignment is shown in Fig. 4(b).
These states shift to higher energies compared to
their pristine counterparts. Similar to single B and N
doping, length-dependent variations in the molecular
state alignment and its coupling strength to the
electrode states produce an H defect-induced transition
in conductance with the variation in the molecular
length. The coupling strength is estimated from the
broadening of the molecular state derived transmission
resonances. Furthermore, for the PA5 with an H defect
at different U positions, the coupling strength between
the molecular and electrode states remains relatively
unchanged and the molecular state alignment has a
greater influence on the transport behavior. When the
H defect moves from the Ul to the U3 position, the
HOMO of the PA5 contributing significantly to the
conductance, shifts gradually closer to the E; and this
determines the H defect-induced transition in con-
ductance with the variation in the defect position.

For the third group, since the molecular length of

the PN-doped system increases from PA3 to PAS, no
noticeable variations in the broadening of the molecular
resonances were observed. Furthermore, the energy
levels of the HOMO and LUMO shown in Fig. 4(c)
deviate slightly from their pristine counterparts. The
weak length-dependent variation in the molecular state
alignment and its coupling strength to the electrode
states are responsible for the undoped characteristics
of the PN substitution in the PA-based junction.

Thus far, the origin of the conductance response to
defect engineering has been discussed qualitatively
by length-dependent (position-dependent defects)
variations in the molecular state alignment and its
coupling to the electrode states. To achieve both a
quantitative and deeper understanding, it is necessary
to investigate the evolution of the transmission eigen-
channels with respect to the molecular length [19]. At
zero-bias, the equilibrium conductance of each junction
is characterized by two eigen-channels as listed in
Table 1. It should be noted that the transmission
coefficients, T; and T,, of the two channels are nearly
equal for pristine cases. This kind of equivalence is
typical of pristine junctions. The two channels are
affected differently by defect engineering as follows.

For the first group, upon N doping, T; and T, are
revealed to contribute differently to the conductance.
It is crucial to note that the different responses of the
two eigen-channels to N doping determine the transi-
tion in conductance of the system. For the PA3, com-
pared to the pristine systems, the increase in T;, 0.527
(0.513), is larger than the decrease in T, 0.255 (0.353),
for N doping at the D1 (U2) position. This results in

Table 1 Decomposed transmission eigen-channels for the PA-based series with various defects

Pristine B doped N doped
Polyacene PA3 PAS PA8 PA3 PAS PA8 PA3 PA4 PA8 PA3 PAS PA8
Doping position none D1 D2 D4 U2 Ul U4 D1 D2 D4
Channel 1(T}) 0.444 0.578 0997 0957 0833 0.933 0957 0.852 1 0971  0.906  0.997
Channel 2(T») 0.406  0.537 0968 0.183 0.198 0423 0.054 0.061 0.046 0.151 0224 0418
H defect PN doped
Polyacene PA3 PAS PAS PA3 PAS PA8
Dogfl;e;g;rﬁon U2 Ul U2 U3 U4 w2 U3 u4
Channel 1(T}) 0.979 0.780 0.906 0.981 0.987 0.573  0.663  0.996
Channel 2(73) 0.165 0.231 0.217 0.211 0.589 0262 0.394  0.969
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an overall enhancement of the conductance upon N
doping. As the number of aromatic rings increases to
five (four), the opposite effects from the two eigen-
channels cancel each other for N doping at D2 (U1).
Therefore, the doped conductance appears to replicate
the pristine one. The length of the PA5 (PA4) is
regarded as the critical value for the transition in
conductance via N doping at the D (U) position.
Finally, as the number of aromatic rings increases to
eight, there is almost no variation in T;, while T, is
nearly halved for N doping at D4 (U4) with respect
to the pristine counterpart. Consequently, N doping
suppresses the conductance. The origin of the con-
ductance variations on B-doped systems is similar
to that on N-doped ones: The two eigen-channels
contribute differently, as listed in Table 1.

For the second group, as listed in Table 1, the H
defect-induced transition in conductance due to the
variation in the molecular length also originates from
different variations in the length dependence of the
two channels, as for the B and N doping discussed
above. Additionally, the same analysis could be per-
formed in the case where the position of the H defect
moves from Ul to U3.

For the third group, upon PN substitution for PA3,
the difference in contribution between the two channels
is not very large, unlike the two groups above. In
comparison to the pristine counterpart, the increase
of T; for the PA3 and PA5 is balanced by the decrease
of T,, and consequently, the conductance imparted by
doping reaches that of its pristine counterpart. For the
PAS, upon PN substitution, T; and T, both approach
the ballistic value, as shown in the pristine system.
Consequently, the PN-doped conductance nearly
replicates that of the pristine one.

The details of the variation on isosurface of the
transmission eigen-channels for three groups are shown
in Fig. S5 (see the ESM).

The benchmark studies of electron transport in
carbon materials (CNT [6], ZGNR [10], and other
references in the introduction) have shown that
impurity doping only suppresses the conductance. No
other role of impurity doping has been considered or
explored. In contrast, we studied the dual role of
defects in GNR-based ultra-small molecular junctions
following the model and methods previously reported

[10]. In addition, we have also verified four factors
carefully: broader electrodes, less symmetric setup,
wider junctions compared to PA, and dopants distri-
buted outside the junction. The detailed results are
shown in the ESM. Our results confirm that these four
factors do not alter the conclusion that defects play a
dual role in the molecular conductance.

Given the recent achievements in experimental
studies [20-25], both bottom-up [20] and top-down
[25] techniques are capable of fabricating GNR-based
junctions with an atomic precision. GNR heterojunc-
tions consisting of seven and thirteen rows of carbon
atoms have already been prepared experimentally [26].
Single-atom doping is controllable, thus ensuring
the feasibility of defect engineering [27-29]. Ballistic
transport in epitaxial GNR has been enabled [30] and
various carbon-based devices have been developed
[31-34], which circumvent the use of foreign metallic
contacts with undesirable interfacial issues. All these
studies confirm the experimental feasibility of designing
the structures proposed in this study.

3 Conclusions

The texture of a defect is complex, and it can have
counterintuitive consequences for the carrier transport
at a molecular level. The molecular transport behavior
is determined by variations in the molecular state
alignment and its coupling to the electrode states. We
hypothesize that the dual roles of defect engineering
may be detected for GNR-based integrated circuits
once an active device unit reaches the molecular level,
where quantum interference effects are dominant [35].
In view of the metal-molecule-metal junction with
multiple molecular wires, the inter-wire distance is
a crucial parameter to generate an instructive or
destructive interference that affects the conductance
[36]. In comparison, defect engineering in GNR-based
carbon devices presents new challenges to understand
its dual role. Nevertheless, it offers the opportunity to
design high-precision electronic devices in the future.

4 Methods

All the scattering regions were relaxed using density
functional theory (DFT) as implemented in the SIESTA
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package [37], before studying their transport properties.
Optimization calculations were performed within the
Ceperley-Alder local density approximation [38] and
an energy cut-off of 150 Ry was used. Valence electrons
were expanded in Double-C plus polarization and
structural relaxations were allowed until the force
acting on each atom reached less than 0.01 eV/A. Then,
the transport calculations were performed using DFT
combined with the non-equilibrium Green’s function
[15] formalism as implemented in the TRANSIESTA
package [39]. We performed test calculations to repli-
cate the study previously reported [10], which showed
a good agreement (Fig. S1 in the ESM). In addition,
the analysis of the formation energy is given in Fig. 52
(see the ESM).
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