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There has been considerable interest in engaging porphyrin, which plays a central
role in a variety of biological processes, as a molecular device for bio-inspired system
application. This paper is focused on molecular junctions made up of porphine, the
metal-free counterpart of porphyrin, and graphene electrode. Electronic properties are
elucidated using the density functional theory and non-equilibrium Green’s function
method. Excellent coupling between the porphine molecule and graphene electrode
is obtained by carbon-carbon covalent bonding and has been analyzed by the electron
difference density. The current-voltage curve and the evolution of the transmission
spectrum with applied voltage bias have also been investigated. A noteworthy obser-
vation is the pronounced negative differential resistance (NDR) behavior, obtained
when a benzene ring precisely bridges two porphine molecules. The projected device
density of states and the potential profile along with the charge distribution at vari-
ous applied voltages have been analyzed to understand the NDR behavior. The study
confirms that the excess current in the NDR region can be attributed to resonant tunnel-
ing through the potential barrier. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5037257

I. INTRODUCTION

Porphyrin complexes, typically metalloporphyrins, are long known for their fundamental role
in vital biological redox processes, e.g., as chlorophyll (magnesium porphyrin) in photosynthesis,
hemoglobin (iron porphyrin) in oxygen transport or activation, etc.1,2 The impressive variety of func-
tional properties of porphyrins have also made them amenable to a wide range of bio-inspired artificial
systems. Porphyrin molecules are square and planar, which make them attractive for creating molec-
ular wires, rings, two-dimensional structures, etc.3–6 Studies which involve porphyrins functioning
as electronic,7,8 spintronic,9–14 optoelectronic switches, and sensors15 have attracted much attention
recently. An important aspect of any attempt to engineer a porphyrin-based molecular device lies in
a sound understanding of the interaction between the porphyrin molecule and the electrodes. To this
end, numerous studies have examined the attachment of porphyrin molecule to metallic electrodes
via different anchor groups.

Recent advances in achieving nanoscale gaps having a well-defined edge shape in electro-burnt
graphene,16,17 have spurred interest on the fundamental electronic transport properties of molecular
devices which employ graphene as the electrode material. Via this approach, stable and reversible
switching performance as well as fundamental studies on quantum interference, electron/spin trans-
port, vibrational properties, etc., of graphene/molecule junctions have been reported. The similar
planar and π-bonding structures of porphyrin and graphene naturally leads to the interest on how
these two materials would interact with each other. But unlike the metal/porphyrin junction, the
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study on the electronic properties of the electro burnt graphene/porphyrin junction is still in its early
stage. Only a couple of studies on the effect of different anchor groups have been reported. Questions
on how the structure of the porphyrin-based switching element affects the electronic properties of
the molecular junction are of fundamental interests but have remained relatively unexplored.

In this paper, the electronic properties of metal-free porphyrin or porphine molecular junctions
involving edge shaped graphene electrodes (Fig. 1) were investigated theoretically using the density
functional theory (DFT) and non-equilibrium Green’s function (NEGF) method. The experimental
fabrication of well-defined graphene edge and porphine molecular junction is extremely difficult
and challenging at current stage. Although recently, it has been reported that the similar kinds of
structure can be realized by surface-assisted covalent coupling.18 Such process has excellent poten-
tial to synthesize complex nanostructures involving covalent linkage between the molecules and
graphene nanoribbons. Our study is focused on four different junctions namely, Device 1, Device 2,
Device 3, and Device 4. Apart from Device 1 which has a single porphine molecule, the rest of the
devices each has two porphine molecules spaced increasingly further from each other, with a benzene
ring serving as a bridge between the two molecules. The transmission spectrum and the projected
density of states (PDOS) of all the devices were analyzed in the zero-bias condition, which showed
the origin of the resonant peaks and the related energy levels. The electronic wave functions19 along
with the amplitude plots related to the resonant peaks for Device 2 were also analyzed in the zero-bias
condition. The analysis showed not only excellent coupling between the electrodes and the molecule
but also the phase change20 and the effect of scattering in the electronic wave function. The amplitude
plot illustrates the magnitude of the transmission probability, which shows various modes of trans-
mission for different eigenstates with different energy levels. To understand the energy levels related
to the resonant transmission peaks, the molecular projected self-consistent Hamiltonian was calcu-
lated, which included the effect of the graphene electrodes on the molecular orbitals. The electron
difference density21–24 has been analyzed to study the charge redistribution, bonding configuration
and the rehybridization after the coupling between the graphene electrodes and molecules.

More interestingly, a particularly pronounced negative differential resistance (NDR)25–28 behav-
ior is observed at the junction with the two porphine molecules separated exactly by a benzene ring.
Analysis of the electronic charge distribution across the junction shows a charge localization on the
benzene ring at the voltage bias that corresponds to the minimum current value, indicating that a local
potential barrier is formed at this location, leading to the NDR behavior.

FIG. 1. Relaxed structure of porphine-based molecular junction devices incorporating graphene electrodes. (a) Device 1 with
a single porphine molecule (reference), (b) Device 2 with two porphine molecules situated immediately next to each other,
(c) Device 3 with the two porphine molecules bridged by a benzene ring, (d) Device 4 with the two porphine molecules also
bridged by a benzene but with additional C atoms on both sides. The grey, blue and white circles denote carbon, nitrogen and
hydrogen atoms, respectively.
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II. THEORETICAL CALCULATION AND MODEL

First-principles calculation was completed by using the Atomistix Toolkit package. A com-
bination of NEGF29,30 and DFT31,32 was employed for the calculation. To improve the accuracy,
GGA-PBE33–37 exchange-correlation functional has been used throughout the calculation. A mesh
cutoff energy of 150 Ry and a 7×7×100 k point mesh with Monkhorst-Pack scheme have been used to
get a consistent Fermi level throughout the device. The double-ζ polarized basis set has been chosen
for all the atoms in the calculation. A vacuum spacing of 10 Å has been considered to circumvent the
interaction between the periodic images.

The molecular junction consists of two porphine molecules sandwiched between a left (source)
and right (drain) graphene electrode, presumed to be defect-free. It can be observed from Fig. 1
that a part of each of the graphene electrodes has been encompassed in the central region, defined
as the extended molecule. In the zero-bias condition, the electrochemical potentials µL and µR of
the left and right electrodes, respectively, are equal, i.e. µL = µR, and the system is charge neutral.
As soon as a non-zero voltage is applied across the electrodes, the potential profile and the charge
distribution across the junction will be changed. It is therefore crucial that the potential profile of the
porphine molecule(s) is matched to the potential profile of the electrode at the boundary. If a potential
discontinuity appears at the boundary, scattering will occur, resulting in a weak coupling between the
electrodes and the porphine molecule. To avoid this artefact, the concept of an extended molecule is
applied. The Hamiltonian38,39 for the device is expressed as,

Ĥ= ĤLL + ĤL−M OL + ĤM OL−M OL + ĤM OL−R + ĤRR

The direct tunneling from left to right electrode has been neglected in our calculation. Hence, the over-
lapping matrix, Smn = 〈φm(r − R1)| φn(r − R2)〉= 0 when |R1 − R2 | is greater than a certain distance.
The charge density of the central region or extended molecule can be expressed as,

ρ=

∫
dεG<

M OL−M OL(ε)

The steady-state current of the device can be calculated by,

I=−
2e2

h

∫ ∞
−∞

T(ε,v)[f (ε − µL) − f (ε − µR)]dε

Where T(ε,v) is the transmission probability of a specified energy level ε. The density of states
projected on any molecule (PDOS) can be easily expressed as,

DOSM OL(ε)=−
1
π

Im
[
TrM OL

{
GR

M OL−M OL(ε + iδ)SM OL−M OL

}]

The conductance can be written according to the multichannel Landauer-Buttiker formula,40–42

Where . The eigenchannels are described by scattering channels and have specific transmis-
sion probability of 0 ≤ τi(ε) ≤ 1. The total transmission is given by, T(ε)=

∑
i
τi(ε). The simplest

way to describe the eigenchannel is to do a single value decomposition (SVD) of the amplitude
transmission matrix t, described by,

t = ΓL
1/2GR

M OL−M OLΓR
1/2

The choice of the unitary transformation matrix must be made in such a way that the amplitude
transmission matrix t becomes a diagonal matrix, td . In this case, the unitary transformation matrices
are given by, UL and UR.

td =U†L t UR =



√
τ1 0 · · ·

0
√
τ2 · · ·

...
...

. . .
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Thus, the total transmission probability matrix can be written as,

T(ε)= t†d td =U†L t† tUR =



τ1 0 · · ·

0 τ2 · · ·

...
...

. . .


which enables the total transmission to be expressed as,

T(ε, v)=Trace
[
ΓLGR

M OL−M OLΓRGA
M OL−M OL

]
=Trace[t†d td]=

∑
i

τi(ε)

It is important to note that the eigenvalues of the t†d td are given by the respective eigenchannel
transmissions, τi.

III. RESULTS AND DISCUSSION

We have analyzed a total of four different molecular junction devices. Their fully relaxed, opti-
mized structures are shown in Fig. 1. Except for Device 1 (reference), which has a single porphine
molecule, Devices 2 to 4 each has two porphine molecules spaced increasingly further apart each
other. In Device 2, the two porphine molecules are connected right next to each other by a pseudo-
benzene ring made up of carbon atoms contributed by each of the molecules. Hence, the spacing
between the two porphine molecules is the smallest in this device. The porphine molecules in
Device 3 are spaced further apart by an actual benzene ring. The spacing is further increased in
Device 4 by additional carbon atoms added on each side of the benzene ring. To ensure optimum
coupling between the porphine molecule and electrode and accurate determination of electronic and
transport properties, all devices were subjected to full relaxation until the Hellmann-Feynman force
on each atom fell below 0.02 eV/Å.

FIG. 2. Transmission spectra (red) and projected density-of-states (PDOS) functions (blue) of Devices 1-4, at the zero-bias
condition. Also shown are the PDOS functions (black) of the molecular region of each device.
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TABLE I. Summary of resonating molecular levels in each device.

Device Resonating Molecular Energy Levels (eV)

1 HOMO�1 (�1.19), LUMO+1 (0.79)
2 HOMO�1 (-0.78), HOMO (�0.64), LUMO (0.47), LUMO+1 (0.93)
3 HOMO�1 (-0.94), HOMO (�0.27), LUMO (0.28), LUMO+1 (0.96)
4 HOMO-1 (-0.94), HOMO (�0.61), LUMO (0.66), LUMO+1 (0.90)

Transmission spectra (red lines) and PDOS functions (blue lines) of the molecule of the four
devices, at the zero-bias condition, are shown in Fig. 2. A good correspondence between the transmis-
sion peaks and the PDOS function of the molecule can be observed for each device. This indicates
that the former stem from resonating energy levels in the graphene electrodes and the molecular
energy levels of the porphine molecule(s). For Device 1, the HOMO and LUMO levels are situated
very close to the Fermi level and hence they are not shown. These levels are responsible for the large
transmission peak near the Fermi level (Fig. 2(a)). Other dominant resonant peaks originating from
the HOMO-1 state (-1.191 eV) and LUMO+1 state (0.79 eV) are observed. For Devices 2, 3 and 4
(Figs. 2(b), 2(c) and 2(d), respectively), the orbital levels corresponding to all the dominant peaks
are summarized in Table I. It should be noted that since the transmission spectrum shows the total
transmission probability originating from various transmission modes at the same energy levels, the
magnitude of the transmission spectrum can be more than one.

The complex transmission eigenchannel wave functions for the peaked transmissions that cor-
respond to HOMO-1, HOMO, LUMO, LUMO+1 of Device 2 are shown in Fig. 3 (left column).

FIG. 3. Left: Transmission eigenchannel wave function plots for the peaked transmissions that correspond to (a) HOMO−1,
(d) HOMO, (g) LUMO, (j) LUMO+1 of Device 2 (cf. Fig. 2). The corresponding amplitude plots of the transmission eigenstates
(middle) and the MPSH eigenstates (right) are also shown.
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The same isovalue was used for all plots. The isosurface depicts the electronic wave function and
the colors show the phase changes that originate from scattering in the eigenchannel. From the plots,
it can be easily observed that the wave functions of the various eigenstates spread from the left to
the right electrode through the molecules. This clearly indicates the excellent coupling that happens
throughout the device. The coupling between the graphene electrode and porphine molecule will
modify the molecular orbitals through rehybridization. To visualize these modified orbitals and their
energy levels, the MPSH (molecular projected self-consistent Hamiltonian) eigenstates projected
onto the porphine molecules of the device were calculated. The MPSH eigenstates here refer to
the renormalized molecular orbitals of the porphine molecules showing the variation caused to the
orbitals by the graphene electrodes. The MPSH eigenstates corresponding to HOMO-1 (E = -0.77 eV),
HOMO (E = -0.64 eV), LUMO (E = 0.47 eV), and LUMO+1 (E = 0.94 eV) are shown in the right
column of Fig. 3. The excellent resemblance between these MPSH eigenstates and the transmission
eigenstates in the left column confirms that the former are mainly responsible for the eigenchannels
of the device. In the middle column of Fig. 3, cut-plane visualization of the amplitude of the trans-
mission eigenstates corresponding to the HOMO-1, HOMO, LUMO, LUMO+1 levels are shown.
These plots show the dominant-mode transmission probability of the different eigenstates across the
device. A close inspection of these plots shows the very distinct pattern of each eigenstate.

As a result of the coupling-induced rehybridization between the graphene electrodes and the
porphine molecules, charge transfer and potential perturbation will take place at the anchor atoms,
which will in turn change the potential landscape throughout the device. We examine this issue next
and only the results for Device 2 are presented as an example since the anchoring configuration
is similar in other devices. To understand the charge distribution and bonding configuration, we
have analyzed the electron difference density (EDD) in Fig. 4. The EDD provides an effective way
to visualize and understand the bonding configuration in a molecular structure. It describes how
the actual electron density differs from the truly undistorted spherical atoms. Thus, EDD is also
sometimes called the deformation density, which corresponds to the accumulation of electron density
in between the atoms. The EDD may be described as the difference between the self-consistent valence
electron density and the superposition of atomic valence densities, and is expressed as ∆ρ(r)= ρ(r)

−
N∑

k=1
ρ′k(r), where ρ(r) is the valence electron density distribution, which can be calculated from the

FIG. 4. (a) The electron distribution after the formation of electrode-molecule-electrode system. (b) The isosurfaces plot of
the electron distribution after the formation of electrode-molecule-electrode system. (c) EDD of the central region of the
device. (d) Isosurface plot of the central region of the device.
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Kohn-Sham density matrix, ρ′k(r) is the neutral atomic electron density distribution. In Fig. 4(a), we
have plotted the difference between the EDD of the electrode-molecule-electrode system and that of
the isolated porphine molecules and electrodes. The plot shows the distribution of the accumulated
charge after the coupling between the molecules and electrodes. This is the exact charge accumulation
and redistribution that helped create the bonds between the molecules and electrodes. In Fig. 4(b),
we have plotted the isosurfaces map of the charge accumulation, which confirms that most of the
distribution takes place in the p orbital. In Figs. 4(c) and 4(d), we have plotted the EDD of the whole
electrode-molecule-electrode system, which not only shows the resonance bonding in the graphene
but also the lone pairs of the nitrogen atoms.

The evolution of the transmission spectrum with respect to applied voltage for Device 1 to 3
are shown in Figs. 5(a)–5(c). The bias window of the transmission spectrum is shown by the region
bounded by the two black lines. As the bias voltage is increased, the HOMO and LUMO energy
levels are shifted increasingly away from the Fermi level for Device 1, as shown in Fig. 5(a). It can
be noticed clearly that the shift in the HOMO level is significant. In the zero-bias condition, the
HOMO level is very close to the Fermi level, which results in a strong orbital hybridization with the
electrode. Because of this, we observe a large PDOS near the Fermi level in Fig. 2(a). As we increase
the voltage, the chemical potential of the electrode starts to shift away from the Fermi level, which
“drags” the HOMO level of the molecule along with it, resulting in a linear shift of the HOMO level
with the applied voltage. On the other hand, the shift in the HOMO and LUMO levels for Device 2 is
insignificant, as both levels are already situated far away from the Fermi level at zero bias condition,
which can be clearly observed in Fig. 5(b). A similar explanation applies to Device 4.

Next, we turn our attention to the current-voltage characteristics of the four Devices (Fig. 5(d)).
In the case of Device 1, the steady current of ∼180 nA can be explained by the availability of DOS
in the bias window, arising from the HOMO hybridization. As we increase the bias voltage beyond

FIG. 5. (a), (b) and (c) show the evolution of the transmission spectrum with respect to the applied voltage for Device 1, 2,
and 3, respectively. (d) Current-voltage curves of Devices 1-4.
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1.37 V, the HOMO energy level starts to shifts away from the fermi level rapidly, which shifts the
energy level away from the bias window. Consequently, the hybridization between the molecule and
the electrode weakens and the DOS reduces rapidly, resulting a sharp drop in current. Beyond the
1.5 V bias, the LUMO+1 level falls within the bias window and starts to conduct, causing a sharp
increase in the current. In the case of Device 2 and Device 4, the sharp increase in current beyond
0.8 V and 1.0 V, respectively can be explained by the accessibility of HOMO and LUMO levels in
the bias window of both devices. An interesting observation is the pronounced negative differential
resistance (NDR) behavior of Device 3. After turn-on and reaching a maximum of 3 µA around 0.6 V,
the current begins to decrease with increase of the voltage-bias to 0.9 µA around 1 V. The current
increases again as the voltage-bias is increased above 1 V. An NDR behavior is also observed in
Device 1, although it is much less pronounced as compared to Device 3. The NDR behavior is absent
in Device 2 and 4, within the range of voltage bias examined.

In probing the reason behind the NDR behavior of Device 3, we have analyzed the projected
device density of states (DDOS) as a function of voltage bias in Fig. 6. In Fig. 6(a), the projected
DDOS for zero voltage bias is plotted in a log scale. The density of states corresponding to the HOMO
and LUMO levels of the molecules are also indicated in the plot. The intense bright shades confirm
that these two energy levels have a substantial density of states. At zero voltage bias, these energy
levels and the electrochemical potentials of the left and right electrodes, µL and µR respectively are
misaligned; hence no current conduction can occur. As the applied voltage between the two electrodes
reaches 0.6 V [Fig. 6(b)], µL and µR become aligned with the HOMO and LUMO level, respectively.
As a result of the alignments, resonant tunneling starts to happen through the molecular levels, which
leads to a sharp increase in the current. A further increase of the bias voltage places the HOMO level
inside the energy band gap of the two electrodes. Fig. 6(c) shows the situation when the applied
voltage between the two electrodes is 1.0 V, where the HOMO level is positioned in between the
bandgap of the two electrodes. As a result of the misalignment between the HOMO level and µL,
the resonance between the HOMO level and the left electrode breaks down. Consequently, the flow
of electrons gets disrupted, and a sharp fall in the current is observed as the bias voltage is increased
past 0.6 V. Although the current decreases significantly with the increased voltage in the NDR region,
the current does not fall to zero. A minimum current of 900 nA, which is a significant amount, is
observed in the NDR region for Device 3, as can be seen in Fig. 5(d). The reason is elaborated in the
next paragraph.

Further insight into the non-negligible current at the minimum point can be obtained from
an analysis of the electronic charge distribution and potential profile within the device for the
0.6 V and 1.0 V biases. Deformation of the potential profile across the junction due to the applied

FIG. 6. Projected device density-of-states plot for Device 3, at various voltage-biases: (a) 0 V, (b) 0.6V, (c) 1.0V, and (d) 1.4V.



085009-9 A. Kole and D. S. Ang AIP Advances 8, 085009 (2018)

voltage is calculated by the difference between the electrostatic difference potential with and without
voltage applied. Figs. 7(a) and 7(b) show the charge distribution and potential profile deformation,
respectively, for the 0.6 V bias. It can be observed that the charge is distributed almost uniformly
throughout the molecular region. Consequently, the potential profile across the junction is also linear
and does not change abruptly, as is confirmed by the sideview profile shown in Fig. 7(b). For the 1 V
bias, however, the charge distribution and potential profile deformation are completely different, as
shown in Figs. 7(c) and 7(d), respectively. An accumulation of charge on the benzene ring is observed
at this voltage bias. In addition, the accumulated charge is almost 15 times more in magnitude as
compared to the case of the 0.6 V bias. The accumulation of a comparatively large amount of charge
on the benzene ring indicates that a potential barrier is created in this region, which blocks the flow
of electrons and causes the NDR behavior. The sideview potential profile in Fig. 7(d) confirms the
existence of the potential barrier. But at the same time, it should be noted the potential barrier is not
large enough to completely disrupt the flow of electrons. As some charges are also distributed on
the porphine molecules, this means that some electrons can still tunnel through the potential barrier,
accounting for the non-negligible current flow at the 1.0 V bias (cf. Fig. 5(d)). In Figs. 7(e) and 7(f),
the potential profile, electronic wave function and transmission pathway (HOMO) are plotted in a
single frame each for the 0.6 V and 1.0 V biases, respectively. A well-defined transmission pathway
and a spread of the electronic wave function from the right to left electrode is evident in Fig. 7(e)
(0.6 V bias). It is also interesting to see that the color of the electronic wave function does not change
across the junction, which indicates that scattering within the molecular junction is not significant

FIG. 7. Electrostatic difference potential and charge distribution plots for Device 3 at (a) 0.6 V and (c) 1.0 V bias. The
corresponding sideview pictures are shown in (b) and (d). Electrostatic difference potential profile, electronic wavefunction
and transmission pathway (HOMO) at (e) 0.6 V and (f) 1.0 V are also shown.
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in this case. On the other hand, a very faint transmission pathway and a strong localization of the
electronic wave function within the molecular region can be seen for the 1 V bias (Fig. 7(f)). The
vanishing of the electronic wave function in the right electrode can be described by an interference
effect. As the wave function travels through the molecular region, it hits the potential barrier and is
reflected backwards, creating a destructive interference that removes almost all the wave function in
the right electrode.

IV. CONCLUSIONS

In this paper, the electronic transport properties of four different porphine-based molecular
junction devices have been analysed using the DFT and NEGF methods. The geometry-optimized
structures have been shown for all the four devices. The zero-bias transmission spectrum along
with the PDOS has been analysed, which provides enough evidence to understand and correlate
the resonant transmission peaks with the molecular energy levels. The dominant peaks have been
identified for better understanding. The electronic wave functions and MPSH eigenstates related to
the most important resonant peaks have been plotted, which not only shows the relationship between
these energy levels and the transmission peaks but also the scattering and phase change throughout
the molecular region. The cut-plane visualization related to the eigenstates of the transmission peaks
has been plotted, which shows the amplitude of the transmission probability. The EDD has also been
analysed to resolve the bonding orientation and charge distribution after the coupling between the
electrodes and molecule. The I-V analysis of the devices revealed an interesting NDR behaviour
in two device configurations. Analysis of the projected device density of states (DDOS) and the
potential profile along with the charge distribution at various applied voltages revealed the physics
behind the NDR behaviour and the excess current in the NDR region. This study has not only helped us
understand the underlying physics of the molecular NDR device and possible application in molecular
switching, it also forms the foundation for our ongoing work in molecular spintronics.
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