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Abstract
The electronic and transport properties of the Z-shaped graphene nanoribbons heterojunction
are investigated by a fully self-consistent non-equilibrium Green’s function method combined
with density functional theory. The first-principles calculations show that the robust quantum
confinement effect in the junction can be used to design the quantum dot. The electronic states
are confined by the topological structure of the junction. This kind of Z-shaped quantum dot can
be realized regardless of doping impurity, edge chemical modification, and the length of junction.
Moreover, the spatial distribution and the number of confined states are tunable.
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I.

INTRODUCTION

Carbon-based low-dimensional materials such as fullerenes and carbon nanotubes (CNTs)
have attracted great attention since they are promising candidates of building blocks of future molecular devices.1,2 Recently, a single layer of carbon sheet with hexagon honeycomb
structures (named graphene) has been fabricated successfully.3,4 Many experimental measurements of its structural and electronic properties have been performed.5,6 Due to the
linear energy dispersion relation near the Dirac points, this novel two dimensional material
is an interesting conductor in which electrons move like massless Dirac-fermions with long
elastic scattering lengths.6,7
Unlike CNTs, the flat structure of graphene can be tailored using conventional lithography
techniques. Now it is possible to make graphene nanoribbons (GNRs) with width from
several nanometers to micrometers.7,8 There are two representative types of GNRs according
to the edge configuration: armchair or zigzag. All GNRs with zigzag edge (ZGNRs) are
metallic due to the two edge states degenerated at the Fermi level without considering the
electron spin degree of freedom regardless of its width,9,10 while the hydrogen-saturated
armchair GNRs (AGNRs) are semiconductors and the energy gaps exhibit three distinct
family behavior depending on its width.10,12 In addition to the study of two-dimensional
and one-dimensional electronic structures of graphene,11 research attention has been focus
on designing quantum dot.13,14 Pereira et al. demonstrated theoretically that quantum dots
can be designed in bilayer graphene through introducing a position-dependent doping.13
Trauzettel et al. proposed that the confinement in AGNR quantum dot is achieved by tuning
the voltages applied to the gates and proved that the spin qubits can not only be coupled
between the nearest neighbor quantum dots but also over a long distances.14 Recently,
we discovered that a quantum dot can be realized in a Z-shaped GNRs junction basing
on the nearest neighbor π orbital tight binding (TB) calculations.15 The discrete confined
states were observed regardless of substrate induced static disorder or edge irregularities
in junction. However, the simple TB simulations fail to address the following issues: (1)
Energy gaps of AGNRs are not predicted accurately using a single hopping parameter. For
example, AGNRs with width of 3p+2 (p is an integer) are metallic at TB level, while the
first-principles calculation shows that it is semiconductor.10,11 (2) Geometric relaxation in
the Z-shaped junction is not considered in the previous TB calculations. (3) Moreover, it
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is also difficult to describe the impurity adsorbing, doping and edge chemical modification
appropriately in TB model. Therefore it is desirable to perform first-principles calculations
to reexamine our TB results.15
In this paper, the electronic and transport properties of such a Z-shaped GNRs heterojunction are investigated by a fully self-consistent non-equilibrium Green’s function (NEGF)
method combined with density functional theory (DFT). We find that the robust quantum
confinement effect comes from its topological structure. Moreover, the theoretical results
show that the spatial distribution and the number of confined states are tunable through
doping, edge chemical modification and varying the length of junction.

II.

COMPUTATIONAL METHOD AND MODEL

The schematic view of our quantum dot made of Z-shaped junction is shown in Figure
1. This open system is constructed by two semi-infinite leads and a finite piece of central
region. This kind of heterojunction is a typical two-probe system, which contains three
parts: the left lead (L), the right lead (R) and the extended molecule region (EM). Here,
the left and right leads are designed with AGNRs with width W=7 to confine the electronic
states in the central region. The EM part includes a piece of ZGNR and two surface layers
of the left and right lead at both sides. The width and length of ZGNR is set to be 6 and 4
as shown in Fig. 1(b), respectively.
Our electronic structure calculations are carried out by using the first-principles selfconsistent pseudopotential method implemented in SIESTA package.16 The exchangecorrelation effect and electron-ion interaction is described by the local density approximation and the norm-conserved pseudopotential in the fully nonlocal form,18–20 respectively. A
double-ζ plus polarization basis set is used to describe the localized atomic orbitals21 and an
energy cutoff for real space mesh size is set to be 380 Ry. All atomic positions of the leads
and central region are fully relaxed with a force tolerance 0.01 eV/Å. For the semi-infinite
leads, 32 K-points along the axial direction in the first Brillouin zone are used. The vacuum
gaps between two neighboring planes and layers are set to be 22 Å.
The electron transport properties of this Z-shaped GNR junction are studied by using
the real-space NEGF techniques implemented in TranSIESTA package.17,23 The transmission
spectrum is expressed as
3

T (E) = T r[ΓL(E)G(E)ΓR (E)G† (E)],

(1)

where E stands for the injecting electron energy, ΓL(R) and G(E) is the coupling matrix
between the left (right) lead and the EM region, and the retarded Green’s function, respectively, which are defined as

ΓL,R (E) = i(ΣL,R (E) − [ΣL,R (E)]† ),

(2)

G(E) = [ES − Hef f ]−1 .

(3)

Here, the effective Hamiltonian of the EM region can be expressed as

Hef f (E) = HEM (E) + ΣL (E) + ΣR (E)

(4)

where HEM is the Hamiltonian of EM region, the contributions from the left (right) lead are
included in the self-energy term ΣL(R) . Once the converged effective Hamiltonian is achieved
in the DFT-NEGF procedure under open boundary conditions in the two-probe system, we
calculate the electronic structures of the extended region including the eigenvalues and
corresponding eigenvectors. Here, these eigenvalues are referred as renormalized molecular
levels (RMLs) since the effect of two electrodes is taken into account.22
L
To obtain the contribution to i th RML (ΨRM
) coming from the central ZGNR, we define
i

the ratio (Pi ) as
P

µ∈ZGN R Dµi
Pi = P
,
µ∈EM Dµi

(5)

where, Dµi is determined by16
Dµi =

X

Cµi hφµ |φν iCνi ,

(6)

ν
L
here, Cµi is the combination coefficient of |φµ i in ΨRM
, φµ is the non-orthogonal basis
i

function. Actually, the denominator of Eq. (5) is equal to 1. In this part of calculations,
the single-ζ basis set is used to describe the localized atomic orbitals and a mesh cutoff is
set to be 150 Ry for saving computational time. Test calculations with the large basis set
and cut off energy give similar results.
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III.

RESULTS AND DISCUSSION

First, it is interesting to calculate the electronic structures of the semiconductor leads
and the isolated central region (ZGNR). The band structure and density of states (DOS)
of the optimized periodic leads are shown in Figure 2 (a). The relaxed inner and edge C-C
distance is about 1.42 and 1.37 Å, and the direct energy gap at Γ point of the AGNR with
width W=7 is about 1.62 eV (from -0.81 to 0.81 eV), which agree well with the pervious
DFT results.10,11 For the isolated ZGNR, its DOS is calculated by a Lorentzain extension of
the discrete states, and the broadening width is set to be 0.025 eV. Clearly, there are two
discrete states at ± 0.33 eV as shown in Fig. 2 (b), which locate within the energy gap of
the semiconducting leads and correspond to the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO). In principle, this observation implies
that it is possible to use the potential well contributed by two semiconducting leads to
confine two states of the central region.
Due to the presence of two semiconducting leads, the electronic and transport properties
of the model Z-shaped heterojunction are obtained fully self-consistent by using DFT-NEGF
technique.23 Figure 3 (a) presents the calculated transmission spectrum. Clearly, no appreciable transmission appears in the wide bias window (i.e. from -0.75 to 0.75 eV, here, we
name it as the transmission gap). It means that these electrons locating within this energy
range can not transport through the Z-shaped junction. The transmission gap originates
from the energy band gap of two AGNRs leads. Interesting, we find that there are four RML
confined discrete states, which locates at -0.47, -0.36, -0.26, and 0.24 eV relative to the Fermi
level labeling with A, B, C, and D in Fig. 3 (a), respectively. This observation demonstrates
clearly that these discrete states are caused by quantum confinement, which produces the
main feature of our previous TB observation.15 This kind of Z-shaped heterojunction can,
therefore, be used as a quantum dot device. Actually, the similar quantum confinement is
observed in quantum dots based on CNT through introducing pentagon-heptagon defects,
for example, a (6,4)/(5,5)/(6,4) CNT system.24 It should be pointed out that in previous
designs basing on GNRs, the quantum confinement is achieved by doping or applying the
gate voltage,13,14 here, in our model device the confinement originates from the topological
structure of the junction. That is to say, the discrete states are confined within the surrounding potential barriers contributed by the energy gaps of two AGNR leads with finite
5

width.
However, the DFT results are not consistent quantitatively with our previous TB
results.15 In TB calculations, the C-C distance is fixed to be 1.42 Å in Z-shaped junction and the electronic properties are simulated by a single hopping parameter (γ=-2.66
eV). It means that the Z-shaped GRNs junction has electron-hole symmetry. The energy
gap of AGNR with width W=7 is underestimated to be about 1.22 eV at TB level. Only
two sharp peaks locate symmetrically around the Fermi level (± 0.3 eV). While the atomic
positions are allowed to relax in our DFT calculations, the C-C distances at interfaces vary
about 3.0 % as shown in Fig. 1 (b). This kind of relaxed geometric structure breaks down
the electron-hole symmetry, which leads to the RMLs locating around Fermi level asymmetrically. To examine the spatial distribution of these confined RMLs, we calculate the
contribution to the four RMLs coming from ZGNR. The calculated results with Eq. (4) are
shown in the right panel of Fig. 3(a). It is clear that the ZGNR region contributes about
56.8 and 70.7 % to two discrete states (A and D ) at -0.47 and 0.24 eV, respectively. This
result indicates that two discrete states are confined mainly at the central ZGNR region.
Other two discrete states (B and C) at -0.36 and -0.26 eV have considerable component
coming from the surface layers of AGNRs. As an example, the spatial distributions of one
confined state labeled with D within the transmission gap is presented in Fig. 3 (b). Clearly,
this state localizes at the central ZGNR region.
Now we turn to investigate the impact coming from the length of central ZGNR on quantum confinement in this kind of Z-shaped junction. Here, as an example, we extend the
ZGNR length from L=4 to 8. The transmission curve and the RMLs within the transmission gap are shown in Figure 4. As expected, the number of states locating within the
transmission gap increases when the length of junction is extended, and the interval between
these discrete confine states reduces. As shown in Fig. 4, six discrete states (RMLs) locate
within the transmission gap at -0.48, -0.34, -0.27, -0.05, 0.06 and 0.43 eV, which is labeled
with A, B, C, D, E, and F, respectively. From the right panel of Fig. 4, it is clear that
among them four of these discrete states (A, D, E, and F) localize mainly at the ZGNR
region. In our previous TB simulation, four confined states were observed for the same Zshaped junction.15 Clearly, another feature should be pointed out is that the ZGNR region
contributes differently comparing with the right panel of Fig. 3 (a). These observations
indicate that the spatial distribution and number of confined states are tunable through
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varying the length of junction. This offers opportunity to control the electronic properties
of the quantum dot based on this kind of Z-shaped GNR junction.
N- or B-doped CNT have been synthesized and investigated intensively in the recent years
since doping is an attractive way to tailor the electronic and transport properties of CNTs.25
Very recently, the field effect transistors and spin filters were predicted theoretically based
on these N- and B-doped GNRs.26,27 In fact, the perfect GNRs seldom exists in reality. So
it is interesting to examine the quantum confinement in the doped quantum dot. Here, one
carbon atom at site “D” in Fig. 1 (b) is substituted with one N or B atom, respectively. In
the N doping junction, the geometric distortion is neglectable. The relaxed N-C distance is
1.39 Å, which is slightly less than the C-C bondlength (1.42 Å). The transmission spectrum
and the RMLs locating in the transmission gap are shown in Figure 5 (a). Theoretical results
indicate that within the transmission gap five discrete states locate at -0.63, -0.41, -0.35,
0.0, and 0.54 eV, labeled with A, B, C, D, and E, respectively. As seen in right panel of
Fig. 5 (a). three of these states (A, D, and E) are mainly contributed by the central ZGNR.
Comparing with the undoped Z-shaped junction, the positions of RMLs shift obviously
after N substitution. Note that, one RML confined mainly at ZGNR region, D state, is the
singly occupied molecular orbital (SOMO), which locates exactly at the Fermi level. For
the B-doped junction, despite the different electron occupation of B atom, it is clear that
once again the doping can not change the quantum confinement obviously. Five discrete
confined states locate at -0.56, -0.37, -0.22, 0.0, and 0.52 eV as shown in Fig. 5 (b). Three of
RMLs (A, D, and E) localize mainly at the central ZGNR region and D state is the SOMO
locating at the Fermi level. Obviously, in the doped Z-shaped junctions, we observe the
quantum confinement effect. There are several discrete states are confined mainly in the
central ZGNR region, but their positions are tuned slightly through doping.
Due to the unique chemical reactivity of ZGNRs, the edged carbon atom could be passivated by various atoms or functional groups.28 The edge modification on the quantum
confinement is examined through substituting two hydrogen atoms at site “H1” and “H2”
in the zigzag region with two F atoms as shown in Fig. 1 (b). Figure 6 (a) shows the calculated transmission spectrum and RMLs. Clearly, there is not significant change compared
with Fig. 3 (a). Four states locate at -0.43, -0.36, -0.21, and 0.29, respectively. Comparing
with the H-passivated junction, we find that the spatial distribution of these RMLs of three
discrete confined states displays very similar feature, except somewhat distribution appears
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at F sites in the F-passivated system. From the calculated projected density of states of
fluorine atoms and their neighboring carbon atoms, as shown in Fig. 6 (b), one can see that
near the Fermi level there are small peaks contributed by the pz orbitals of F atoms, which
takes part in the delocalized π states, while the other orbitals locate far away from the Fermi
energy. The edge modification with F atom just changes the electronic structures of junction
slightly and do not affect the robustness of the quantum confinement of the Z-shaped GNR
heterojunction.

IV.

CONCLUSION

In summary, the electronic structures and transport properties of Z-shaped heterojunctiona (AGNR-ZGNR-AGNR) are studied by using a fully self-consistent NEGF combined
with DFT. Present DFT results agree qualitatively with our previous TB simulations. The
quantum confinement is achieved by introducing the topological structure in this kind of Zshaped junction. The observed robust quantum confinement is not broken by doping, edge
chemical modification, and varying the length of the ZGNR, while the spatial confinement
and the number of discrete states are modified. These theoretical findings provide a possible
way to fabricate quantum dot based on this kind of Z-shaped structure.
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FIG. 1: (Color online) (a) A schematic of a quantum dot made of a Z-shaped GNR junction. (b)
Atomic structure of the scattering region. Here, the electrodes are modeled by AGNRs with width
W=7, the length and width of the central ZGNR is set to be 4 and 8, respectively.
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FIG. 2: (a) Band structure and DOS of the semiconducting lead. (b) DOS of the isolated central
region (ZGNR).
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FIG. 3: (Color online) Transmission spectrum of H-passivated junction with the central zigzag
region with length L=4. Filled circles stand for the positions of the RMLs. Right panel represents
the contribution coming from the central ZGNR region. (b) The isosurface of the spatial distribution of one confined state (labeled with D), here the red and blue color stands for the positive and
negative value of the corresponding wave function, respectively.
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FIG. 4: Transmission spectrum of H-passivated junction with the central ZGNR with length L=8.
Filled circles represent the positions of the RMLs. Right panel represents the contribution coming
from the central ZGNR region.
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FIG. 5: Transmission spectrum of N-doped (a) and B-doped (b) Z-shaped junctions. Filled circles
stand for the positions of RMLs. Right panels indicate the contribution coming from the ZGNR.
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FIG. 6: (Color online) (a) Transmission spectrum of the F-modified Z-shaped junction. Filled
circles stand for the positions of RMLs. Right panel shows the contribution from the ZGNR. (b)
The projected density of states (PDOS) of F and neighboring C atoms in the F passivated junction.
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