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Opening up a band gap in graphene holds a crucial significance in the realization of graphene based electronics. Doping with
organic molecules to alter the electronic properties of the graphene is perceived as an effective band gap engineering approach.
Using the tight binding model, we examine the band gap opening of monolayer graphene due to the adsorption of pyrene
molecules on both its sides. It is found that the break-down of the sublattice symmetry in the pyrene-dispersed graphene leads to
a band gap of ∼ 10meV .

1 INTRODUCTION

Graphene is a two-dimensional network of carbon atoms ar-
ranged in a honeycomb lattice. Although for long it was well
known that graphite is structured by stacking of individual
graphene sheets, the research focusing on graphene gathered
momentum only after breakthroughs in its first successful iso-
lation in 20041,2. The strong σ bond between two carbon
atoms of graphene by the virtue of sp2 hybridization accounts
for its remarkable structural strength and flexibility.3 In mono-
layer graphene, the sp2 hybridization results in the formation
of a σ bond with a filled shell between carbon atoms, leading
to a deep valence band. The half-filled π band is constructed
by the unaffected p-orbital, which is perpendicular to its pla-
nar structure. The dispersion of π and π∗ electronic bands is
crucial for the formation of the band gap in graphene. Its elec-
tronic properties are influenced by the significant structural
flexibility. In a pristine graphene layer, a primitive unit cell
contains two carbon atoms, the i and j sublattice (fig. 1a).
The π and π∗ bands intersect at at two Dirac points K and K′

in the corresponding reciprocal space (fig. 1b). As the two
bands are degenerate at the Dirac points, graphene is a zero-
gap semiconductor with a massless Dirac spectrum.4

Its unique planar morphology and ballistic charge carrier
transport property makes graphene a highly attractive candi-
date in laying out nanoelectronic circuitry.5 However, in order
to tap this potential in the various electronic device applica-
tions, the presence of a band gap is indispensable. Different
theoretical approaches have been proposed to introduce a band
gap in graphene. Size reduction of graphene to under 10nm

a School of Materials Science and Engineering, Nanyang Technological Uni-
versity, Singapore 639789; E-mail: YZhao@ntu.edu.sg
b College of Physics Science and Technology, China University of Petroleum,
Dongying 257061, China.

forming narrow strips or nanoribbons leads to quantum con-
finement effects that open up a distinct band gap.6 Although
dependable, this approach suffers from the extreme sensitivity
of the band gap opening towards the nanoribbon width, edge
structures and chemical decoration. Removal of the transla-
tional symmetry is one of the most commonly used approach
to lift the degeneracy exhibited by pristine graphene. The band
gap is created when the two crystallographically equivalent
atoms in the primitive unit cell become inequivalent, i.e., when
the sublattice symmetry is broken. Experimental efforts to in-
troduce a band gap in pristine graphene include growing the
graphene on certain substrates,7,8 applying an external electric
bias,9,10 shaping graphene in the form of narrow ribbons,6 and
perforating graphene leading to a “graphene nano-mesh”.11

Further, in the field effect transistor (FET) set-up, based on bi-
layer graphene, a simple device geometry change such as the
use of a dual gate instead of a single gate was also shown to
exhibit band gap opening of up to 0.25 eV.10 These techniques
induce changes in the electronic properties of graphene with-
out any direct chemical modification.

Another route involves exploiting the reactivity of graphene
to alter its electronic structure via chemical adsorption of var-
ious species. Molecular decoration of graphene or introduc-
tion of nanoholes in the pristine graphene have been shown to
bring the desired removal of translational symmetry and thus
opening the band gap.12–14 Complete hydrogenation trans-
forms graphene into graphane, which has a very large band
gap.15 However, a controlled modulation of the band gap of
graphene was shown possible via partial hydrogenation16–18

or even patterned hydrogen adsorption.19 Various other or-
ganic molecules, especially those with large aromatic ring
structures have also been studied in conjunction with their
physical or chemical adsorption on graphene.20–23 In a few
studies, a different approach in introducing holes in graphene



to form anti-dot lattices has also been shown as an effec-
tive way to induce a band gap via quantum confinement ef-
fects.24,25

Certain graphite intercalated compounds (GIC) have been
studied in relation to their high temperature superconductiv-
ity.26,27 It has also emerged that the electronic structure of
GICs resembles to that of doped graphene. Recent stud-
ies on CaC6 and other XC6 intercalated compounds indicate
the prominent role of graphene in inducting superconductiv-
ity in it.26,28,29 Ca-atoms are interdispersed between adjacent
graphene sheets in CaC6 and affect both the inter-sheet dis-
tance as well as C-C bond lengths in the graphene plane. Pe-
riodic modulations in the graphene sheets in the vicinity of
Ca-atoms can be described by changes in the charge-transfer
integral between a given pair of C-atoms, an approach akin
to what we employ in the current work on pyrene-adsorbed
graphene.

In this paper, we investigate the effect of molecular dec-
oration with the physical adsorption of pyrene molecules on
the graphene band gap. No chemical bonding or direct charge
transfer between graphene and pyrene molecules is taken into
account. We characterize the electronic band structure of
graphene using the tight-binding model. Within the extent of
the current work, it has been shown that a small but distinct
band gap can be opened in graphene resulting from the broken
sub-lattice symmetry.

Fig. 1 (a) The pristine graphene unit cell. a⃗1, a⃗2 are the unit cell
vectors, and j1, j2, j3 are the three nearest neighbor atoms for i. j4,
j5 represent the second-nearest neighbor. The dashed lines denote
the primitive unit cell. (b) The first Brillouin zone. Γ is the center of
the cell. K and K

′
are the corners of the first Brillouin zone (Dirac

points), and M is the center of edge. The energy spectra are obtained
along Γ, K and M 4.

The rest of the paper is organized as below. Section II de-
scribes the tight-binding model used for calculating the band
structure of pyrene-adsorbed graphene in the different con-
figurations of bond length distortions. Results are presented
and discussed in detail in the section III. Effects of on-site en-
ergy and the change in the charge-transfer integral in modi-
fying the graphene band-structure are detailed. Results of the

present work are compared with some literature reports exam-
ining band gap opening behavior in graphene. Conclusions
are drawn in the final section IV.

2 DETAILS OF THE MODEL AND
METHODOLOGY

In this paper, it is assumed that there are two pyrene molecules
per 6× 6 unit cells of graphene, one molecule being on the
either side the graphene. The graphene monolayer is sand-
wiched between the pyrene molecules in a configuration such
that one of the C atoms in the pyrene molecules is located
over the center of the hexagon in the graphene while the other
assumes a position directly above a C atom of graphene as il-
lustrated in Fig. 2. The DFT calculations are performed using
the DMol3 package with all the electrons considered, and with
the use of the GGA (PBE) and DNP basis sets.

Fig. 2 The orientation of pyrene-dispersed graphene, the blue
molecule is the graphene supercell and gray is pyrene, with a
spacing of 3.4Å. The other pyrene molecule is beneath the graphene
layer. The yellow atoms are hydrogen.

On the pyrene-dispersed graphene, significant sublattice
symmetry breaking is revealed in the DFT results, as exhibited
by the changes in C-C bond lengths within the graphene layer.
The C-C bond length in pristine graphene is 1.420Å. How-
ever, the adsorption of pyrene molecules leads to a significant
coupling between pyrene and graphene, thereby making the
six bond lengths in the honeycomb structure inequivalent. We
observe a maximum variation of ∼ 0.2% in the bond lengths
(fig. 3) from the equilibrium distance of 1.42 Å. We expect
that such a variation that breaks the sub-lattice symmetry will
eventually lead to the formation of a band gap in graphene.

Using the ab-initio results as a rough guide, we assume
four different forms of distortions that can be induced in the
graphene as a result of its coupling with pyrene. These forms
are designated as d1, d2, d3 and d4 as shown in Fig. 4. Those
C-C bonds which were observed to undergo contraction are
represented by solid black lines. On the other hand, the red
solid lines depict bonds which undergo extension. These four



distortion configurations are used to simulate the effects of dis-
order on the band structure of graphene on account of C-C
bond distortions.

Fig. 3 The carbon-carbon bond lengths of graphene after the
adsorption of pyrene molecules.

The tight-binding model is employed to calculate the band
structure of the pyrene-dispersed graphene. The Columbic re-
pulsion breaks the symmetry of graphene which is reflected as
the inequivalent bond lengths in the graphene supercell. The
lattice vectors of the primitive unit cell in pristine graphene
can be written as a1=a(

√
3/2, 1/2) and a2=a(

√
3/2, -1/2),

where a is the lattice constant and equals 1.42Å×
√

3= 2.46Å.
For a given C-atom, its three nearest neighbors can be speci-
fied as j1= a(1/

√
3, 0), j2= a(-1/2

√
3, 1/2) and j3= a(-1/2

√
3,

-1/2).
Further, using an adopted approach, the tight-binding

Hamiltonian of pyrene-dispersed graphene is written as24,25

H =
∑
R,m

εR,mc†R+dm
cR+dm

−
∑
⟨R,m,δ⟩

tR+dm+δ,R+dm(c†R+dm+δ
cR+dm +H.c.) (1)

where a set of R denotes unit cells and dm (m=1,...,Nc)
denote the C atoms’ positions in a given unit cell. For a C
atom at position R+dm , δ represents its nearest neighbors.
Nc is the number of C atoms in one unit cell, and Nc = 72 for
pyrene-dispersed graphene. tR+dm+δ,R+dm is the hopping inte-
gral for electrons to jump from site R+dm to site R+dm + δ,
and its value fluctuates around the transfer integral for the pris-
tine graphene (t ≈ 2.8eV). Further, the C-atoms located in the
region sandwiched by pyrene molecules have a modified on-
site energy P due to static electric potentials. For the purpose
of calculations we suitably assume certain values of εR+dm .

In the Hamiltonian expression of equation (1), εR+dm is
written as:

εR+dm =

{
ε2p, i is not sandwiched by pyrene (2)
εPA, i is sandwiched by pyrene.

Fig. 4 Different assumed forms of distortion of graphene due to
adsorption of pyrene designated as d1 (a), d2(b), d3(c) and d4(d).
Solid black lines denote the bond length shortening while the solid
red lines represent the bonds that undergo extension. The blue
circles represent the atoms of the graphene layer sandwiched by the
pyrene molecules.



When atoms are not sandwiched by the pyrene, εi gives the
orbital energy of the 2p level, ε2p, which is set to be zero
here for simplicity. Sites on the graphene sheet sandwiched
by pyrene molecules will have a higher energy εPA due to the
static electric potential between pyrene and graphene.

In our model, the Bloch wave functions correspond-
ing to the energy eigenvalues εn(k) (n is the band in-
dex) are given by ψnk(r) =

∑
m an,k

m ϕmk(r), where ϕmk(r) =
N−1/2∑

R eik·Rφ(r−R−dm), and φ(r−R−dm) is the 2pz or-
bital of a C atom at R+dm. As an approximation, we neglect
the overlap of the 2pz orbitals on different atoms.

3 RESULTS AND DISCUSSIONS

The eigenvalues En(k) are obtained by diagonalizing the
Hamiltonian H. The opening of the energy band gap due to
the induced symmetry breaking is evident. Shrinkage of the
Brillouin zone due to the selection of the supercell leads to
a band-folding effect, and the energy band-gap appears at or
close to the Γ point rather than K point. Bandstructure of the
pyrene-adsorbed graphene is calculated under the effects of
modification in the hopping integral (∆t) and the on-site en-
ergy (P). Under various conditions, we have found the band
gap opening to occur for all the four distortion configurations
considered here. The magnitude of the band gap depends upon
the values of ∆t and P.
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Fig. 5 Change in the magnitude of band gap opening with increase
in the on-site energy P (eV) for graphene.

We first consider the band gap opening under the influence
of increase in on-site energy P while ∆t is set to zero. This
implies no bond length deviations for the pyrene-dispersed
graphene (as compared to the pristine graphene) is considered.
Fig. 5 exhibits a non-linear increase in the band gap result-
ing from an increase in P for graphene. The on site energy
arises from Coulombic repulsive interaction between the elec-
trons of C-atoms of pyrene molecules and those of the atoms
of graphene sandwiched by pyrene.

We then investigate the effect of change in the hopping in-
tegral without consideration of the on-site energy change. Fig.

6 (a) demonstrates the dependence of band gap on ∆t, the am-
plitude of the charge hopping integral on account of the bond
length variation. For all the distortion configurations consid-
ered here there is a visible band gap opening. As a result of
C-C bond length variations, in graphene, the k-point at which
band gap opening occurs (the gap point), undergoes a shift
in the cases of distortion configurations d2, d3 and d4. The
distortion pattern assumed in the configuration d1 has a three-
fold symmetry, similar to the pristine graphene. As a result,
in this case, the gap point does not undergo a shift at variance
with the three other configurations. Fig. 6(b) shows the shift
of gap point for d2 and d3 configurations, which reflects the
band gap variations. The gap point shift thus translates into
a regular variation of band gap about a mean value for all the
configurations considered except d1.
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Fig. 6 (a) Change in the magnitude of band gap opening with the
amplitude of charge hopping integral (∆t), for all the distortion
configurations of graphene, and (b) change in K point with
increasing (∆t) corresponding to the configurations d2 and d3.

We further consider the effect of the on-site energy in the
presence of a constant finite value of ∆t. Fig. 7 (a) illustrates
the band gap variation as a function of P when ∆t = 0.5%t. All
the distortion forms follow a similar trend in which the band
gap is first reduced and then increases. The effect of the two
parameters ∆t and P on the band gap is of subtly competing
nature. Larger ∆t implies a shortening of the C-C bond length
and hence, a corresponding increase in the charge hopping in-
tegral opens up the band gap of graphene.

Increase in the on-site energy P implies a higher potential
ascribed at the sites of the carbon atoms of graphene sand-
wiched by pyrene (illustrated in blue circles in the Fig. 4).
The sites in graphene which correspond to the atoms which
are not sandwiched by pyrene do not acquire a change in P.
This may result in a decrease of the hopping integral between
a sandwiched carbon atom of graphene and its nearest neigh-
bor C-atom if the latter is located in the un-sandwiched area
of the graphene sheet.
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Fig. 7 Effect of increase in the on site energy P (eV) on the band
gap opening for the four distorted graphene configurations with ∆t
kept constant at (a)0.5%t, and (b) 2%t .

Although increase in both ∆t and P yields a larger band gap,
a comparison of Fig. 5 and Fig. 6(a) reveals that the effect of
∆t is about an order of magnitude larger than that of P. The
dominance of ∆t combined with its competing tendency to
the influence of P on the band gap results in an insignificant
change in the band gap upon an initial increase of P. As P
is increased further, the gap gradually reaches a minimum, at
which both the effects counterbalance each other. Band gap
widening is observed for further increase in P. As shown in
Fig. 7(b), a higher ∆t = 2%t, causes the band gap opening to
remain insensitive to a larger initial increase in P from zero.
The inset of Fig. 7 depicts the shift in the gap point with in-
creasing P for d2 configuration when ∆t is 2%t.

As the band gap opening is shown to be dependent upon P
and ∆t, the combined effects of both needs to be evaluated.
Fig. 8 demonstrates the widening of band gap in the simulta-
neous influence of P and ∆t for all the distortion configurations
of graphene. The largest band gap opening is observed in the
regime of large P. The aforementioned competing effects of P
and ∆t lead to a trough-like feature in all the graphs.

The upper limit values of the on-site energy considered
for the sake of calculations here, may not represent a real-
istic case. To imitate a possible practical implementation of
pyrene-adsorbed graphene more accurately, we chose the set
of values of ∆t and P as 0.0056 eV and 0.56 eV, respectively.
The value of ∆t = 0.0056 eV ( 0.2%t), is chosen on the same
order as the maximum percentage change observed in the C-C
bond length in pyrene dispersed graphene. The energy band
diagram and the corresponding density of states is calculated
for all the four distortion configurations. Fig. 9(a)-9(d) de-
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Fig. 8 Band gap opening with an increase in the on site energy P
(eV) and the change in the hopping integral (∆t) for the four
distorted graphene configurations d1(i), d2(ii), d3(iii), d4(iv).

pict the band structure for the distortion configurations d1-d4
respectively while the corresponding density of states profiles
are plotted in the fig. 9(e)-(h). We observe the band gap open-
ing from 10.1 to 15.3 meV for d3 and d1 distortion configura-
tions respectively.

The actual magnitude of band gap opening depends upon
the underlying working mechanism. Graphene with tetracya-
noethylene (TCNE) adsorbed physically on it was shown to
exhibit a band gap of 40 meV at low density.21 The differ-
ence from our results is possibly due to the consideration of
weak charge transfer from graphene to TCNE by Lu et al.21

Further, the bond-structure distortions in graphene observed
by us is much smaller which may also stand for the smaller
magnitude of band gap opening. In general, chemical adsorp-
tion and charge-transfer between graphene and the adsorbate
can be expected to have a greater effect on band gap open-
ing. Balog et al. have reported recently a band gap of up to
450 meV in graphene exposed to atomic hydrogen.19 Their
reported upper bound of the band gap opening is much larger
than that presented in this paper. However, the nature of the
experiment suggests that by lowering the extent of hydrogen
adsorption on graphene, band gap tunability towards smaller
values may become possible. Further, within the scope of
our current work, the influence of only the physical adsorp-
tion of pyrene on graphene is studied. It is important to note
that similar effects on the opening of the band gap may be ex-
pected if the nature of adsorption is chemical. Suitable species
may strongly interact with graphene via formation of covalent
bonds.30,31 For such systems as well, ab-initio studies have
revealed possibility of a distinct band gap opening.
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Fig. 9 Energy band structures for all the four distortion
configurations of graphene d1-d4 ((a)-(d)). A small band gap
opening can be observed in each case. (e)-(h) denote the
corresponding density of states’ profiles for configurations d1-d4
respectively. The calculations are performed at ∆t= 0.0056eV and
P= 0.56eV

.4 Conclusions

In summary, we have studied the electronic structure and char-
acteristics of pyrene adsorbed graphene. Different configura-
tions of bond length distortions in graphene due to the adsorp-
tion of pyrene are formulated based on DFT results. We have
employed the tight binding model for examining the band gap
behavior of graphene. We show that all the configurations ex-
hibit a small band gap opening as a function of charge hop-
ping integral modification ∆t and the on-site energy P. Our re-
sults thus support the assertion that the bond length distortions
lead to a breakdown of the sublattice symmetry in graphene,
thereby opening up a band gap.

With ∆t= 0.0056 eV (0.2%t) and P= 0.56 eV(20%t) repre-
senting a set of parameter values in a practical scenario, the
band gap opening is observed on the order of 10 meV. The ob-
tained magnitude of the band gap width is comparable to that
reported in previous studies examining effects of adsorbate
species such as hydrogen or organic molecule such as TCNE,
in the smaller limits of adsorption. We thus demonstrate that

graphene can be made suitable for electronic device applica-
tions via adsorption of pyrene in a periodic fashion. Further,
our approach of bandstructure study, by employing a modi-
fied charge-transfer integral, can be applied to other graphene
systems involving interactions with deposited species. In par-
ticular, efforts in the electronic structure explorations of dif-
ferent GICs could be befitted with our approach of evaluating
electronic properties.
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