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Superlattice structures of graphene-based armchair nanoribbons
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Based on first-principles calculations we predict that periodically repeated junctions of armchair graphene
nanoribbons of different widths form multiple quantum well structures. In these superlattice heterostructures
the width as well as the energy-band gap is modulated in real space and specific states are confined in certain
segments. Not only the size modulation, but also composition modulation, such as periodically repeated and
commensurate heterojunctions of boron nitride and graphene honeycomb nanoribbons, results in a multiple
quantum well structure. The geometrical features of the constituent nanoribbons, namely, their widths and
lengths, the form of the junction, as well as the symmetry of the resulting superlattice, are the structural
parameters available to engineer electronic properties of these quantum structures. We present our analysis
regarding the variation of the band gaps and the confined states with these structural parameters. Calculation of
transmission coefficient through a double barrier resonant tunneling device formed from a finite segment of
such a multiple quantum well structure and placed between metallic electrodes yields resonant peaks which can
be identified with electronic states confined in the well. We show that these graphene-based quantum structures
can introduce interesting concepts to design nanodevices. Relevance of the quantum structures are discussed in

view of the most recent experimental results.
DOI: 10.1103/PhysRevB.78.245402

I. INTRODUCTION

Superlattices and various quantum structures obtained
thereof have been the subject of active research in the past
two decades. Commensurate or pseudomorphic junctions of
two different semiconductors have been grown layer by layer
to form a periodically repeating superlattice structure with
sharp lattice-matched interface.'~> Owing to the band discon-
tinuities at the interface, they behave as a multiple quantum
well structure according to the effective mass theory. Elec-
trons confined in these quantum wells exhibit two-
dimensional (2D) electron-gas behavior with interesting
quantum effects.* Two-dimensional conduction-band elec-
trons (valence-band holes) confined to the wells have dis-
played a number of electronic and optical properties.'~® For-
mation of quantum structures in one dimensional (1D)
systems have also been considered. For example, 1D mul-
tiple quantum wells or a series of quantum dots have been
shown to form on a semiconducting zigzag nanotube by ap-
plying modulating radial strain and hence by forming band-
gap modulation in real space.”® Multiple quantum wells are
also obtained by the periodic junction of bare and hydrogen-
ated zigzag carbon nanotubes.” Similar quantum structures
and confinement have been shown to occur in the junction of
(BN),C,, linear chains.!”

Recent advances in materials growth and control tech-
niques have made the synthesis of the isolated 2D honey-
comb crystal of graphene possible.''"'> Owing to its unusual
electronic energy-band structure leading to the charge carri-
ers resembling massless Dirac Fermions, graphene intro-
duced new concepts and initiated active research.'*-!® For
example, quasi-1D graphene nanoribbons (GNRs) exhibit in-
teresting size- and geometry-dependent electronic and mag-
netic properties.!®3 Also graphene nanoribbons less than
10 nm wide with ultrasmooth edges have already been
produced.’* In the same work, a graphene structure having
three segments of graphene nanoribbon with different widths
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has been obtained. This can be viewed as a finite segment of
a graphene nanoribbon superlattice. Moreover, patterning of
graphene nanoribbons'? and also graphene nanoribbons with
varying widths!”>> has been achieved experimentally. With
these developments the quantum well structures in graphene-
based nanoribbons have been a subject of interest.

In this work, based on first-principles, as well as empirical
tight-binding (ETB) calculations we show that periodically
repeating heterojunctions made of armchair graphene nanor-
ibbons of different widths can form stable superlattice struc-
tures. These superlattices are unique, since both their width
and energy-band gap are modulated in real space. As a con-
sequence, in addition to the propagating states, specific states
are confined in certain regions. Confinement increases and
turns to a complete localization when the lengths of the na-
noribbon segments with different widths increase. This situ-
ation can be viewed as a series of quantum dots. Widths,
lengths, chirality of constituent nanoribbons, and the symme-
try of the junction can be varied to engineer these quantum
structures with interesting electronic and transport properties.
Further to these superlattices based on the width-modulated
graphene armchair nanoribbons, we also show that multiple
quantum well structures can be formed via composition
modulation of commensurate heterojunction of boron nitride
(BN) and graphene armchair nanoribbons of the same width.
These quantum structures are of particular interest, since
they show effects analogous to those of 2D semiconductor
superlattices. Finally, our transport calculations demonstrate
that specific finite-size quantum structures can operate as
resonant tunneling double barriers (RTDB)  with
resonances—characteristics of confined quantum well states.
In view of the recent experimental studies,'>!7-**2> present
results related with graphene-based nanoribbons and their
heterojunctions of diverse geometry can, in fact, be a candi-
date for a class of nanodevices with a richness of transport
properties.
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Optimized atomic geometry of superlattices and corre-
sponding electronic structure are obtained by performing
first-principles plane-wave calculations’®?’ within density-
functional theory (DFT) (Refs. 28 and 29) using projector
augmented wave (PAW) potentials.’® The exchange-
correlation potential is approximated by generalized gradient
approximation (GGA) using PW91 functional®! both for
spin-polarized and spin-unpolarized cases. All structures are
treated within supercell geometry using periodic boundary
conditions. A plane-wave basis set with kinetic-energy cutoff
of 500 eV is used for graphene as well as for BN. In the
self-consistent potential and total-energy calculations the
Brillouin zone (BZ) is sampled by (1X1X35) special k
points for nanoribbons. This sampling is scaled according to
the size of superlattices. All atomic positions and lattice con-
stants are optimized by using the conjugate gradient method
where total energy and atomic forces are minimized. The
convergence for energy is chosen as 107 eV between two
steps, and the maximum force allowed on each atom is
0.02 eV/A. The superlattices having large width and hence
unit cells with very large number of atoms are treated by
using ETB calculations. The tight-binding Hamiltonian has
the simple form HETB:—t2<,-’j>(a;bj+H.c.), where alT (bjT)
creates an electron on site R; (R;) of the A (B) sublattice of
the bipartite graphene lattice and a; (b;) are the correspond-
ing annihilation operators. The nearest-neighbor ({i,)) hop-
ping energy is r=2.7 eV (Ref. 32). In the transport calcula-
tions, we use nonequilibrium Green’s function (NEGF)
formalism3® implemented together with DFT (details of the
NEGF+DFT method can be found in Ref. 34). As a require-
ment of the partitioning scheme we employ, a localized-
orbital basis set (double { plus polarization numerical orbit-
als) is used in place of the plane-wave basis set. The results
obtained from plane-wave and local-orbital DFT calculations
are verified to yield consistent results. We further optimize
the atomic structure before transport calculations. In trans-
port calculations the exchange-correlation potential is ap-
proximated by GGA with PBE functional.® During the self-
consistent calculation 21 special k points are used and the
maximum energy difference is set to 10 eV as the conver-
gence criteria. In order to check the consistency of the dif-
ferent methods used, we compare the electronic band struc-
tures obtained from these calculations for AGNR(26) in Fig.
1.

II. ARMCHAIR NANORIBBONS

The electronic structure and the magnetic properties of
GNRs are primarily determined by their edge shapes and
widths.!%23 We first consider the bare and hydrogen-
terminated armchair graphene nanoribbons AGNR(n); n be-
ing the number of carbon atoms in the primitive unit cell. All
AGNR(n) are semiconductors and their band gaps E, vary
with n. We find that the band gap is small for n=6m-2 (m
being an integer), but from n=6m to n=6m+2 it increases
and passing through a maximum it becomes again small at
the next minimum corresponding to n=6m+4. As E, oscil-
lates with n its value decreases eventually to zero as n— .
The results are in good agreement with the earlier works.??
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FIG. 1. (Color online) Band structure of AGNR(26) calculated
with the three different methods used in this work: (a) plane-wave
DFT, (b) localized-orbital DFT, (¢) and ETB.

As an example, we present the electronic structure and
charge density of AGNR(10) and AGNR(14) nanoribbons in
Figs. 2(a) and 2(b). The band-gap values of bare AGNR(10)
and AGNR(14) are calculated to be 0.44 and 1.10 eV, respec-
tively. According to isosurface plots one distinguishes the
relatively uniform states (having their charge uniformly dis-
tributed across the nanoribbon) from the edge states (having
their charge accumulated at both edges of the ribbon). Owing
to the interaction between two edges of the narrow ribbon,
the bands of edge states split. Upon termination of the carbon
dangling bonds by atomic hydrogen, the edge states of
AGNR(10) and AGNR(14) disappear and their energy-band
gaps change to 0.39 and 1.57 eV, respectively. Since
hydrogen-terminated AGNRs are stable at ambient condi-
tions, in the rest of the paper we consider their superlattices
unless stated otherwise.

We note that defect-free bare and hydrogen-terminated
armchair graphene nanoribbons have nonmagnetic ground
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FIG. 2. (Color online) (a) Bare and hydrogen-terminated
AGNR(10). Atomic geometry, electronic band structure, and isos-
urface charge densities of edge and “uniform” states. The primitive
unit cell is delineated with dashed lines and includes n=10 carbon
atoms. Carbon and hydrogen atoms are shown by large and small
balls. (b) Same for AGNR(14). All data in this figure are calculated
by first-principles method (Refs. 26 and 27).
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longitudinal
axis

FIG. 3. (Color online) (a) Possible junction angles leading to
armchair or zigzag edge shapes. 60° angle with the longitudinal axis
results in armchair edge at the interface, whereas 30° and 90° give
zigzag edges. Some of the possible superlattice shapes are shown;
namely, (b) sharp rectangular, (c) smooth, (d) and sawtoothlike.

state. Recently it has been shown that 3d-transition-metal
atoms adsorbed to armchair nanoribbons induce permanent
magnetic moment and hence give rise to interesting magnetic
properties.®® Similarly, specific vacancy defects in AGNR
can induce permanent magnetic moments.’’” On the other
hand, bare and hydrogen-terminated zigzag graphene nanor-
ibbons (ZGNRs) have spin polarized edge states.?’ The edge
states having a high density of states near the Fermi energy
give rise to a magnetic transition. Eventually ZGNR has
edge magnetism with opposite spins populated at opposite
edges. Here we consider only the superlattice structures
made by armchair nanoribbons; the superlattice structures of
zigzag nanoribbons are not discussed in this paper. In a short
letter we showed that the spins can be confined in quantum
structures formed from the zigzag ribbons.?®

II1. SUPERLATTICE STRUCTURES

A. Graphene superlattices

The remarkable properties of GNRs discussed above, es-
pecially their band gap rapidly varying with their widths,
suggest that the heterostructures formed by the segments of
AGNRs with different n (or width) may have interesting
functions. Here the crucial issues to be addressed are how the
electronic structure will be affected from the discontinuity of
crystal potential at the junction, what the character of the
band discontinuity and the resulting band alignment will be,
and whether these discontinuities will result in confined
states. Relative to the longitudinal axis in an armchair direc-
tion one can distinguish three possible angles to make junc-
tions with armchair or zigzag edge shapes as shown in Fig.
3(a). A 60° angle gives rise to the armchair edge at the in-
terface, whereas 30° and 90° angles result in zigzag edges.
Some of the possible superlattice shapes are given in Figs.
3(b)-3(d).
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FIG. 4. (Color online) (a) Atomic structure of AGSL(n;=10,
n,=14; s,=3, s,=3). The superlattice unit cell and primitive unit
cell of each segment are delineated. (b) Band structure with flat
bands corresponding to confined states. (c) Isosurface charge den-
sity of propagating and confined states. (d) Variation of various
superlattice gaps with s;=s,. (¢) Confinement of states versus s;
=s, calculated by ETB. All data except those in (e) are calculated
by using first-principles method (Refs. 26 and 27).

To avoid mixed edge shapes we focus on the junctions
with smooth interfaces making 60° angle with the longitudi-
nal axis. To this end we first consider a superlattice
AGSL(n,,n,;s,,s,) made by the segments of AGNR(n,) and
AGNR(n,). Here, s; and s, specify lengths (in terms of the
number of unit cell) of the segments having different widths.
Figure 4 shows the superlattice AGSL(10,14;3,3). This su-
perlattice is formed by periodically repeating the heterojunc-
tion of the segments of AGNR(10) and AGNR(14); each
segment having three unit cells. The same superlattice can be
visualized by periodically deleting one row of carbon atoms
at both edges of AGNR(14) to form periodic AGNR(10)/
AGNR(14) junction. Upon junction formation, dramatic
changes occur in the band structure of this superlattice.
While highest (lowest) valance (conduction) band is disper-
sive and their states propagate across the superlattice, the
second valence and conduction bands are flat and their states
are confined to the wider part of AGSL(10,14;3,3) consisting
of a segment of AGNR(14). These latter flat-band states are
identified as confined states. Similar quantum-dot structures
with sharp peaks in the density of states have also been re-
vealed on the Z-shaped nanoribbons.>

The superlattice AGSL(10,14;3,3) in Fig. 4(a) can be
viewed as a thin slab with periodically modulated width in
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the xy plane. The electronic potential in this slab is lower
(V<0) than outside vacuum (V=0). Normally, electrons in
this thin slab propagate along the x axis. Some electronic
states in the wide segment are reflected from the discontinui-
ties at the junction and eventually become confined. In these
GNR superlattices the atomic arrangement and lattice con-
stants at both sides of the junction are identical; the hetero-
character concerns only the different widths of the adjacent
segments at different sides. According to this simple picture,
the larger An=n,—n,, the stronger becomes the confinement.
As justified in further discussions, these arguments are rel-
evant for superlattices with long constituent segments. Note
that AGNRs can be constructed by using two different unit
cells (i.e., those consisting of complete hexagons or incom-
plete hexagons) reproducing the same crystal structure when
translational symmetry is imposed [see the AGNR unit cells
in Fig. 4(a)]. For the wider parts of the superlattice the one
with complete hexagons is preferred in order to avoid having
carbon atoms with coordination number 1 at the interfaces.
For AGSL superlattices with reflection symmetry the narrow
region is made by unit cells having complete or incomplete
hexagons depending on whether (n,—n,)/4 is an even or odd
number, respectively.

In addition to ny, n,, sy, s, the symmetry of the junction,
An=n,-n;, even-odd disparity of n,/2 and n,/2, the type of
the interface between two different ribbons, and the overall
shape of the superlattice (namely, sharp rectangular, smooth
wavy, or sawtoothlike) influence the electronic properties.
We define the confinement as the weight of the wave func-
tion in the segment it becomes confined, say, s,, i.e.,
i) 52|‘I’(r)|2dr, and examine the variation of specific band gaps
and confinement of states with the size of the segments and
supercell. For example, as shown in Fig. 4(d), as s;=s, in-
creases, various superlattice band gaps decrease, but the con-
finement of specific states increases. This is a clear evidence
for quantum size effect. The role of s; and s, is, however,
different in the confinement of a state. For example, for
W, (r) the effect of barrier is complete already for s, =s,, and
the confinement of the state does not change considerably
when s, is fixed but s, is increased. On the other hand, the
confinement of this state increases when s, is fixed, but s,
increased. Other confined states display similar behavior. It
appears that as a consequence of quantum size effect the
energy of W,(r) decreases as the size s, of the well increases.
Less kinetic energy of the confined electron (i.e., hence
higher barrier height) causes suppression of the penetration
into the barrier region. When s, is kept fixed, the energy of
the confined electron also remains the same. The exponential
decay rate of the tail is unchanged under the barrier region,
only the length of the tail changes with s,. Consequently, the
strength of confinement is less sensitive to s; once the elec-
tron is confined to the s, region.

The rate of change of band gaps with strain e=Ac/c (Ac
being the change of lattice constant under uniaxial stress
along the x axis.) of nanoribbon superlattice structures is also
a notable feature, which may be interesting for future strain-
gauge device applications. In Figs. 5(a) and 5(b) we present
our results for the variation of E, and other relevant gaps of
the nanoribbon superlattice AGSL(10,14;3,3) and also its
constituent AGNRs for the sake of comparison. Strong de-
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FIG. 5. (Color online) (a) Variation of band gaps E,, A, and A,
of the nanoribbon superlattice AGSL(10,14:3,3). (b) Variation of the
total energy E; with respect to € and the force constant kg [in
eV/A] for AGSL(10,14;3,3) and its constituent nanoribbons. All
data in this figure are calculated by using first-principles method
(Refs. 26 and 27).

pendence on e is impressive. That these superlattice struc-
tures are quasi-1D stiff materials is shown by the variations
of their total energies E; with respect to € in Fig. 5(b). The
force constant of the superlattice calculated by «gp
=dE;/ dc* is in good agreement with the equivalent force
constant Keq s =(s1/ K, +52/ an)_l calculated in terms of the
force constants of the constituent nanoribbons K, and Kp,-
This shows that elastic properties of superlattices comply
with Hooke’s law for small An=n,—n;,.

Deviations of s, from s, causes E, and the band structure
to change (see Fig. 6). For example, AGSL(10,14;s,,s,) has
E,=0.66,0.48,0.38,0.32,0.27,0.22 eV for s,=3, but s,
=3,4,5,6,7,8, respectively. Conversely, E,
=0.66,0.72,079,0.83,0.84,0.86 eV for s;=3, but s,
=3,4,5,6,7,8, respectively. On the other hand, the energy
of the flat-band states A; confined to s, and their weight are
practically independent of s;.

Variation of An=n,—n, results in a wide variety of elec-
tronic  structures. For example, in contrast to
AGSL(10,14;3,3) the highest valence and lowest conduction
bands of AGSL(10,18;3,3) are flat bands with E,=0.70 eV;
dispersive bands occur as second valence and conduction
bands having a gap of 1.19 eV between them (see Fig. 7).
Here A,=1.18,0.86,0.66,0.51,0.43,0.35 eV with s,=3 but
51=3,4,5,6,7,8, respectively, whereas A; remains unal-
tered (A;=0.70 eV). The situation is even more complex
for AGSL(10,22;3,3). While the first and the second bands
are dispersive in both valence and conduction bands with a
direct band gap 0.23 eV, flat bands occur as third bands with
a gap of 2.61 eV between them. The states associated with
the flat bands near the Fermi level are confined at the wider
part of the superlattice. It should be noted that the band gap
of nanoribbons E, is underestimated by the DFT
calculations.*® Since we consider structures which have al-
ready a band gap, its actual value does not affect our discus-
sion qualitatively, but an enhancement of predicted proper-
ties (such as the strength of confinement) can be expected.
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FIG. 6. (Color online) The effect of the variation of narrower
region s; of AGSL (10, 14;s,,3) from s;=3 to 8. (a) Atomic struc-
ture and superlattice unit cell. (b) The variation of band structures.
(c) The numerical values for energy gaps E,, A;, and A,. E, is the
actual band gap of the structure which comes from a dispersive
state. A; is the band gap of highest localized state while A, is the
band gap for the next dispersive state. The energy of the flat-band
states related with A; are confined to s, and their weights are prac-
tically independent of s;. All data in this figure are calculated by
using first-principles method (Refs. 26 and 27).

Moreover in Fig. 8 we demonstrate that the confined
states can occur not only in narrow (small n; and n,), but
also in wide superlattices having significant modulation of
the width. The above trends corresponding to small n; and 7,
become even more interesting when n; and n, increase. The
electronic band structure of AGSL(n,,n,;s,,s,) with n,
=42 or 82, but n,>n; and s;=s5,=3 calculated using ETB
method shows that for small An, confinement is weak and
bands are dispersive, but confinement increases as An in-
creases. Interestingly, E, of AGSL(n;=42,n,;3,3) is, re-
spectively, 0.46, 0.12, 0.49, and 0.04 eV for n,=46, 50, 54,
and 58. In ETB method used here, the Bloch states having
band index [ and wave vector k are expressed in terms of the
linear combination of the orthonormalized Bloch sums
xi(k,r) constructed for each atomic orbital p, localized at
different carbon atoms, i, with the proper phase of k, namely,
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FIG. 7. (Color online) (a) Band structure of AGSL(10,18;3,3)
with flat bands corresponding to confined states (A;=E,). (b) Isos-
urface charge density of propagating and confined states. (c) Den-
sity of states (DOS) of AGSL(10,18;3,3) with sharp peaks corre-
sponding to confined states. Calculations are performed by using
first-principles method (Refs. 26 and 27).

Yk, r)=2a;,(k)x,(k,r). Accordingly, the contribution of
the orbital at site i to the normalized charge density of
Yi(k,r) is given by p;==|a; (k)|*. In Fig. 8, p; is scaled with
the radius of circles located at atomic site i.

Electronic structure is also strongly dependent on whether
the geometry of the superlattice is symmetric (having a re-
flection symmetry with respect to the superlattice axis along
the x direction) or saddle (one side is straight, other side is
periodically carved), all having the same An. While the
saddle structure of AGSL(10,18;3,3) has largest direct gap
between dispersive conduction and valence bands, its sym-
metric structure has smallest gap, but largest number of con-
fined states. Hornlike smooth connection between wide and
narrow segments (where the ribbon is carved from both sides
smoothly and symmetrically) may give rise to adiabatic elec-
tron transport and focused electron emission.*!

B. BN-graphene superlattice

Recently, two-dimensional BN honeycomb structure has
been synthesized.*? While several features of BN honeycomb
structure including its lattice constant are similar to those of
graphene, the sp? bonding gains an ionic character due to
different electronegativity of B and N atoms in BN. In con-
trast to two linear bands crossing at the K and K’ points of
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FIG. 8. (Color online) Energy-band structure of the
AGSL(34,70;11,9) superlattice and the charge densities of selected
bands. As seen clearly, states associated with flat bands 1, 3, and 4
are confined but the state with dispersive band indicated by 2 is
propagating. Calculations have been performed using ETB method.

BZ of semimetallic graphene, BN honeycomb structure is a
semiconductor due to a large gap between conduction and
valence bands. Not only 2D BN, but also its ribbons are
semiconductor with large band gap.*> While the band gap of
GNR being strongly dependent on its width, the band gap of
BN nanoribbons does not change significantly with width,
especially for large n.** Hence, graphene and BN nanorib-
bons, both having commensurate structure and being semi-
conductor with different band gaps, can make ideal materials
for a multiple quantum well structure. In fact, this situation is
reminiscent of the GaAs/AlAs 2D semiconductor superlat-
tices studied actively during last two decades.> Our argu-
ments are clarified in Fig. 9, where a 1D analog of the 2D
semiconductor superlattices through compositional modu-
lated nanoribbons is presented. BN and graphene nanorib-
bons of the same width are lattice matched and can form
superlattices with multiple quantum well structure having
confined states. We consider a periodic junction of the seg-
ment of armchair BN nanoribbon with n;=18 and s;=3 to
the segment of armchair GNR with n,=18 and 5,=3 to form
a superlattice structure. While periodic BN and graphene na-
noribbons by themselves have band gaps of ~5 and 0.8 eV,
respectively, the band gap of BN(18)/AGNR(18) is only 0.8
eV indicating a normal (type I) band alignment.> Under these
circumstances, a state propagating in one segment becomes
confined if its energy falls in the band gap of the adjacent BN
segment. In Fig. 9(b), the dispersive minibands and nondis-
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FIG. 9. (Color online) One-dimensional superlattice structure
formed from the junction of BN and graphene armchair nanorib-
bons. (a) Atomic structure and superlattice parameters. (b) Band
structures of constituent BN and graphene armchair nanoribbons
having 18 atoms in their unit cells and the band structure of the
superlattice BN(18)/AGNR(18) each segment having three unit
cells (s;=s5,=3). (c) Energy-band diagram in real space forming
multiple quantum wells (QW) in graphene segments (zones). Isos-
urface charge densities of states confined to QWs and propagating
states are presented for selected bands. All data in this figure are
calculated by first-principles method (Refs. 26 and 27).

persive quantum well states are clearly seen. That these
quantum well states are confined in the graphene zone
(which has small band gap as compared to the band gap of
BN ribbon) are demonstrated by isosurface plots of charge
densities in Fig. 9(c). In contrast to the confined states, the
propagating states have charge densities in both graphene
and BN zones of the superlattice. This is another class of
heterostructure where electronic potentials are different at
both sides of junction. Its function can even be advanced by
implementing the size modulation in addition to the compo-
sitional one.

C. RTDB device

Finally we focus on possible application of armchair
graphene-based heterostructures and investigate the transport
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FIG. 10. (Color online) (a) Atomic structure of a RTDB device
made from a symmetric segment of AGNR(10)/AGNR(18) system
and connected to two metallic electrodes. (b) Transmission coeffi-
cient T versus energy under zero bias calculated using nonequilib-
rium Green’s function approach using local-orbital DFT. (c) The
energy-level diagram and the charge densities of selected confined
and extended states of the decoupled device calculated using plane-
wave DFT.

properties of a finite segment of AGSL. In accordance with
the results in Sec. III A, we examine the effects of confine-
ment on the transport properties upon modulation of the
width of ribbons. We consider a finite ribbon with
AGNR(10) and AGNR(18) as constituent parts each having
total length of 8 AGNR unit cells as shown in Fig. 10. Such
a system is relevant for applications and uses lowest unoc-
cupied molecular orbital (LUMO) and highest occupied mo-
lecular orbital (HOMO) states in the confined region.?> For
the sake of illustration we consider fictitious metallic elec-
trodes of two widely separated (weakly coupled) carbon
chains® altogether having four quantum conductance chan-
nels. As long as the tunneling resonances are considered
these electrodes are able to reproduce qualitatively the same
transmission spectrum, e.g., with two-dimensional graphene.
Six principal layers of electrodes are included at both sides
of the RTDB as parts of the central region. Metallic elec-
trodes make perfect contacts with the ribbon.
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The transmission spectrum, T(E), calculated self-
consistently using nonequilibrium Green’s function method*
reflects the combined electronic structure of the central
RTDB device, electrodes, and their contacts. Figure 10 pre-
sents the calculated transmission curve. Confined LUMO
and HOMO states and other confined states identified
through the energy-level diagram and isosurface charge-
density plots give rise to sharp peaks originating from reso-
nant tunneling effect. States extending to the entire ribbon
are coupled with the states of the electrode. These states are
shifted and contributed to broad structures in the transmis-
sion spectrum. We also note that the resonant tunneling effect
is not affected by the width of the barrier regions [namely,
narrow AGNR(10) segments in Fig. 10(a)], considerably.
The confined LUMO and HOMO states are weakly sensitive
to the length of the barriers. This feature of confined states
can also be observed from the energies of confined states
(flat bands) of Fig. 6. For tunneling transport, wider barriers
mean exponentially lower coupling between the quantum
well region and the electrodes, which result in even sharper
peaks at approximately the same energies.

It is shown experimentally that transport through GNRs is
primarily influenced by the boundary shape. Also charge
confinement influences the conductance significantly.!3?42
Ozyilmaz et al.®® reported suppression of conductance of
graphene nanoribbons by Coulomb blockade due to forma-
tion of multiple quantum dots in series which are formed
during the etching process. Even though these quantum wells
were not produced in a controlled manner, the results in
transport measurements support our calculations of resonant
tunneling effect. Geometrical confinement and multiple
quantum wells can also be realized from 2D graphene by
using side gates.*® Recently, the fabrication of graphene na-
noribbon field effect transistor has been reported.*’ In sum-
mary, these works provide evidences that the superlattice
structures of graphene nanoribbons are relevant experimen-
tally.

IV. CONCLUSIONS

In this paper, various types of quantum structures are re-
vealed through size and composition modulations of
graphene-based armchair nanoribbons having honeycomb
structure. The confinement of electron and hole states are
shown to lead to interesting effects for new device applica-
tions based on graphene nanoribbons. A rich variety of elec-
tronic structure and resulting transport properties can be ob-
tained by varying the structural parameters of superlattices.
Variation of the band gaps, confined state energies, and the
strength of confinement with the width and length and com-
position of the constituent nanoribbons are the key features
for future applications.
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