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Abstract By using the first principles calculations which combine density func-
tional theory and nonequilibrium Green’s function, we investigate the nanoscopic
quantum transport in three hybrid structures consisting of a phenanthrene (PHE)
molecule and a zigzag graphene nanoribbon (ZGNR). It is found that after deco-
rated with the PHE molecule, the ZGNR with the odd (even) zigzag carbon chains
shows the conductance reduction (enhancement), respectively. With the increase
of the number of carbon chains, this odd-even difference will disappear. Moreover,
negative differential resistance behavior can also be found in the hybrid structures
consisting of the PHE molecule and the antisymmetric ZGNR. Finally, the differ-
ential conductance, transmission spectra, and molecular projection self-consistent
Hamiltonian are used to explain the physical mechanism clearly. Accordingly, the
proposed structures could have broad applications in the design of molecular nan-
odevices.

Keywords Quantum transport · Molecular device · Graphene nanoribbon · First
principles calculation

1 Introduction

Molecular devices are ultra-miniature constructions. As early as 1974, Aviram
and Ratner firstly designed a rectifier based on a single organic molecule [1], then
the era of molecular devices was coming. Many important breakthroughs have
been achieved in molecular devices already [2-8]. By means of external electric
field, deformations of the molecular and light incident, many intriguing properties
have been acquired in the past years [9-11], such as negative differential resistance
(NDR) [12-21], molecular rectification [1,22-25], molecular switch [17,26-28], and
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conductance enhancement [29-30]. Some related works [31-34], early reported, are
of great value to promote the realization of quantum computer.

In 2004, Novoselov and Geim et al. [35] prepared graphene by micromechani-
cal separation, then graphene-based electrodes are widely used in many molecular
devices, due to its excellent properties, such as long spin diffusion length, spin re-
laxation time, and high spin injection ratio [36-41]. Graphene nanoribbons (GNRs)
are two-dimensional honeycomb structures composed of carbon atoms, and their
widths are less than 10 nm. They can be divided into zigzag graphene nanorib-
bons (ZGNR) and armchair graphene nanoribbons (AGNR) according to their
different structures edge. GNRs, consisting of sp2 hybridized carbon atoms, are
touted as the fundamental basis for the next generation of electronic, spintronic
and photonic devices.

Phenanthrene (PHE) is a thick aromatic hydrocarbon containing three ben-
zene rings, with molecular formula C14H10, can potentially be used to model the
interactions of aromatic systems. PHE has a very wide range of applications in the
medical, environmental management and dye industries [42-47]. Due to the high
specific surface area (2600 m2/g) and good electrical conductivity (7200 S/m)
[48], a graphene sheet has a higher adsorption capacity than carbon nanotube and
graphite for PHE. The molecular devices, in which the PHE chemically adsorbed
to metal electrodes, have many interesting properties [45,49-50].

In this work, using density functional theory combined with non-equilibrium
Green’s function method, we have investigated the quantum transport properties
of three different coupling configurations consisting of PHE and ZGNR. The dis-
persion relations, transmission spectrum, differential conductance (dI/dV ), cur-
rent and voltage (I-V ) curves, and molecular projection self-consistent Hamil-
tonian (MPSH), which are closely related to quantum transport properties, are
systematically calculated. Our results indicate that the proposed molecular device
exhibits the outstanding NDR and odd-even effect. Thus, we assume that the novel
PHE coupled ZGNR structure can be a promising molecular device in the future.

2 Models and methods

This work is based on the model fusing of a PHE to ZGNR, as shown in Fig. 1. The
gray and white atoms are carbon and hydrogen, respectively. The six carbon atoms
in the PHE molecule are labelled as L-Q in sequential order in Fig. 1(a), and the
N-Q and L-M positions are linked to the ZGNR. After dehydrogenation of carbon
atoms in N-Q positions, the PHE is covalently coupled with the carbon atoms at
the edge of ZGNR to form four C-C bonds (Fig. 1(b)). The hybrid structure is
labelled as 3-ZGNR@PHE means the PHE links to W -ZGNR (W=3), where the
number W (3) indicates the number of the zigzag carbon chains (ZCCs) along
the x-axis. The other two coupling configurations are shown in Fig. 1(c) and Fig.
1(d). Figure 1(d) displays that the PHE rotates 90 degrees around the x-axis,
then covalently couple with the two nearest carbon atoms in ZGNR, and the sp3

hybrid emerges. For the sake of convenience, the configurations consisting of the
PHE and ZGNR in Figs. 1(b)-1(d) are identified as A, B, and C, respectively,
and X stands for A, B, and C, thus the three hybrid configurations are named
as 3-ZGNR@PHE(A), 3-ZGNR@PHE(B), and 3-ZGNR@PHE(C). Based on the
above covalent link between the PHE and ZGNR, the corresponding specific two-
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Fig. 1 The geometrical structures of the ZGNR decorated with a PHE molecule. (a) A PHE
molecule (C14H10). (b) The four C-C bonds at N, O, P, and Q positions connecting the PHE
and ZGNR, named as configuration A. (c) The two C-C bonds at L and M positions, labelled
as configuration B. (d) Configuration C, originating from (c) by rotation of 90 degree along
the x-axis.

probe hybrid structures (W=3, 4, 5, 6) are constructed in the top three rows of
Figs. 2(a)-(d). In order to stabilize the hybrid structure, hydrogen atom is used to
eliminate the hanging bonds. In the hybrid structures of covalent coupling between
the PHE and ZGNR, ZGNR is composed of 12 basic unit cells. Each of devices
is divided into three parts: the left electrode (LE), the central scattering region
(CSR), and the right electrode (RE). The LE and RE are denoted by the red and
blue shadow, respectively, as shown in Fig. 2.

Quantum transport calculations for the three combinationsW -ZGNG@PHE(X)
are performed using the density functional theory (DFT) with the nonequilibrium
Green’s function (NEGF) implemented in the ATOMISTIX TOOLKIT (ATK)
package [51-52]. The exchange-correlation function is described by Perdew-Burke-
Ernzerhof under generalized gradient approximation (GGA-PBE). A large enough
vacuum (> 15 Å) in the non-electron transmission direction (x/y) is adopted to
eliminate interactions between periodic images. All Carbon and hydrogen atoms
are fully relaxed by using the quasi-Newton method until the energy reaches
10−5 eV and the force on each atom is less than 0.05 eV/Å. For the valence elec-
trons of hybrid structures are adopted to double-ζ plus polarization (DZP) basis.
The cut-off energy of real-space grid is 150 Ry. The Brillouin zone is sampled with
a 1 × 1 × 100 mesh of k-points.

The expression of the transmission coefficient at zero bias is

T (E, Vb) = Tr[ΓlG
RΓrG

A], (1)

where Vb is the bias voltage. GR and GA are the retarded and advanced Green’s
functions of the CSR, respectively. Γl and Γr are the broadening matrix of LE
and RE, respectively. Under finite bias, I-V curves of the hybrid structures can
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Fig. 2 Calculated currents as a function of the applied bias and the number of carbon chains
across the ribbon width for ZGNRs-based hybrid structures and pristine ZGNR. The first
three rows in each graph show the geometrical structures of the two-probe systems for the
three different PHE/ZGNR coupling configurations, which are labelled as W -ZGNR@PHE(X)
(W=3, 5, 4, and 6, X=A, B, and C). (a) The I-V characteristics of 3-ZGNR@PHE(X). (b) The
I-V characteristics of 4-ZGNR@PHE(X). (c) The I-V characteristics of 5-ZGNR@PHE(X). (d)
The I-V characteristics of 6-ZGNR@PHE(X).

be calculated using the Lander-Büttiker formula in mesoscopic physics [53] as

I(Vb) =
2e

h

∫
T (E, Vb)[fl(E − µl)− fr(E − µr)]dE, (2)

where µl(r) = EF ± eVb/2 is the chemical potential of the LE and RE, EF is the
Fermi level, which is set to zero here. fl(r) is the Fermi distribution function of the
left (right) electrode.

3 Results and discussion

We start with currents as a function of applied bias for pristine W -ZGNR and
their hybrid structures (the number of carbon chains cross the ribbon width of
ZGNR, W=3, 4, 5, 6) (Fig. 2). Firstly, the I-V curve of pristine 3-ZGNR shows
excellent linearity (Fig. 2(a)), by contrast, the three PHE coupled 3-ZGNR hybrid
structures all exhibit the current reduction under the whole positive bias. It has
been obtained that the I-V curves of ZGNR with the odd number of ZCCs have
linear growth because of wavefunctions without the mirror symmetry about the yz
middle plane, which is also well verified here [18,54]. For 3-ZGNR@PHE(C), with
the voltage increases, the current initially increases until reaches the peak value at
0.4 V. As the voltage continues to increase, its current decreases. This reveals that
I-V of 3-ZGNR@PHE(C) has NDR at low bias voltage. NDR has a wide range
of applications in molecular electronics in the future, such as oscillators, mem-
ories, amplifiers and logic circuits. Secondly, compared with 3-ZGNR@PHE(X)
hybrid structures, the results of 4-ZGNR@PHE(X) are totally different. It is ob-
served that the current of the pristine 4-ZGNR varies little with the change of
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Fig. 3 Calculated dI/dV s of the pristine ZGNR and the hybrid configurations. (a), (b),
(c), and (d) The dI/dV s of the ZGNR and 3-ZGNR@PHE(X), 4-ZGNR@PHE(X), 5-
ZGNR@PHE(X), and 6-ZGNR@PHE(X), respectively. The dI/dV ratios are shown in the
insets.

voltage, and stabilizes at a fixed value (about 6 µA). However, for PHE fused
4-ZGNR hybrid structures, the currents increase with the increase of bias volt-
age. Especially, the current values of 4-ZGNR@PHE(C) are almost linear with
the increase of bias voltage in this region [0.2, 1.6 V]. Thirdly, the behaviors of
the 5-ZGNR related hybrid structures reveal a striking resemblance to those of 3-
ZGNR@PHE(X) (Figs. 2(a) and 2(c)). The currents of 5-ZGNR@PHE(X) is less
than that of the pristine 5-ZGNR. Finally, Fig. 2(d) displays the calculated I-V
curves of pristine 6-ZGNR and its related hybrid structures. The currents of the 6-
ZGNR@PHE(X) is significantly enhanced due to electrons enter the left electrode
through the barrier tunneling. Consequently, we conclude that the results of odd
(even)-ZGNR@PHE(X) are very similar.

Next, we observe the rule of dI/dV of all hybrid structures via the dI/dV
ratio, which is plotted in Fig. 3. The dI/dV is defined as

G = dI/dV, (3)

I and V represent the current and voltage values, respectively, thereby the dI/dV
ratio is defined as (illustrated in Fig. 3)

Ratio = G/GPristine, (4)

where GPristine and G represent the dI/dV s values of pristine W -ZGNR and
W -ZGNR@PHE(X), respectively. The dI/dV s of pristine odd-ZGNR (odd=3, 5)



6 Bo Jiang1,2 et al.

Fig. 4 The effect of the odd (even) number of ZCCs across the ribbon width and the applied
bias on the △I for ZGNRs-based hybrid structures and pristine graphene. (a)-(c) The effect of
the odd number of ZCCs and the applied bias on the △I for ZGNRs-based hybrid structures
and pristine graphene. (b)-(f) The effect of the the even number of ZCCs and the applied bias
on the △I for ZGNRs-based hybrid structures and pristine graphene.

are constant (about 78 µS), as shown in Figs. 3(a) and 3(c). Nevertheless, the
dI/dV s of odd-ZGNR@PHE(X) are significantly less than ones of pristine odd-
ZGNR. Besides, the dI/dV ratios for odd-ZGNR@PHE(X) are less than 1, which
indicate that dI/dV s can be weakened greatly in the fusing of PHE to odd-ZGNR.
Moreover, the dI/dV s of 3 (5)-ZGNR@PHE(C) is less than 0 at [0.4, 0.8 V] ([0.6,
1.2 V]), which means that the slope of I-V is negative, thus the NDR is verified
again. The dI/dV s of even-ZGNR is almost zero at [0.4, 1.8 V] (Figs. 3(b) and
3(d)). However, the dI/dV s of even-ZGNR@PHE(X) are all above it. Especially, 4
(6)-ZGNR@PHE(C) exhibits excellent conductance enhancement characteristics,
which leads the dI/dV s of 4 (6)-ZGNR@PHE(C) to be 581 (3480) times of the
pristine 4 (6)-ZGNR at 1.0 (1.2) V.

Clearly, the number of carbon dimer lines across the ribbon width determines
the conductances of this molecule device. By decorating with the PHE, the conduc-
tance decreases when the number of ZCCs of ZGNR is odd, however, the conduc-
tance increases when the number of ZCCs is even, which revealing odd-even effect.
In order to further verify the parity of the hybrid structures, we have also calcu-
lated the I-V curves of other eight hybrid structures (e.g., W -ZGNR@PHE(X)
(W=7, 8, 9, 10, 11, 12, 13, 14)). Here we adopted the current difference (△I), for
observing the effect of parity with the increase of the number ZCCs (Figs. 4(a)-(f)).
The △I is defined as

△IW (X) = IW−ZGNR@PHE(X) − IPristine W−ZGNR, (5)

based on equation (5), when △I is positive, the currents of W -ZGNR@PHR(X)
increases, otherwise it decreases. In Figs. 4(a)-(c), △Iodd(X) are all negative, which



Title Suppressed Due to Excessive Length 7

Fig. 5 Transmission spectra as a function of electron energy and bias voltages for (a) 3-
ZGNR@PHE(X) and (b) 4-ZGNR@PHE(X). The region between the two white dotted lines
is the bias window.

shows the decrease of conductance for the PHE fused the odd number of ZCCs
hybrid structures. In the voltage range of 0-1.2 V, the |△Iodd(X)| increases, how-
ever, when the voltage is beyond 1.2 V, especially at 2 V, |△Iodd(X)| decreases
with increasing ZCCs. For the PHE fused even-ZGNR, as shown in Figs. 4(d)-(f),
|△Ieven(X)| are positive which leads to an enhancement of the dI/dV s. And with
the increase of ZCCs, |△Ieven(X)| presents a decreasing trend. Besides, |△IW (X)|
reveals a decreasing trend after 1.2 V, which indicates that when ZCCs increase
to a certain value, the odd-even disappeared.

Thirdly, considering the transmission spectra as a function of electron energy
and bias voltages as examples, we explained the origin of the current values of odd
(even)-ZGNR@PHE(X) decrease (increase) relative to the pristine odd (even)-
ZGNR. We take the Fermi level as the energy reference point and the size of the
bias window ranges from −Vb

2 to +Vb

2 eV (white dotted line, as shown in Fig. 5).
Based on Landauer-Büttiker formula, we found that the current of the devices
can be obtained by integrating the transmission coefficient in the bias window. In
Fig. 5(a), the transmission of pristine 3-ZGNR is almost 1 under the whole bias
window. As the bias voltage increases, the bias window becomes wider, and the
integral coefficient in the window increases. Thus, the current values of the pristine
3-ZGNR present good linearity. The transmission peaks of 3-ZGNR@PHE(X) only
appear near the bias window, revealing that the conductance of 3-ZGNR@PHE(X)
decreases. When the bias voltages change within the range of [0.6, 1.4 V], the
peak value of the positive bias window of 3-ZGNR@PHE(C) disappears gradually,
leading to the decrease of current and the appearance of the NDR effect.

The reason for the conductance enhancement can be understood in terms of
the transmission spectra of 4-ZGNR related device systems which are plotted in
Fig. 5(b). The transmission of the pristine 4-ZGNR is 0 in the range of [−Vb

2 +

0.1, + Vb

2 −0.1 eV], but it is very close 1 within the scope of ([−Vb

2 , − Vb

2 +0.1 eV]

and [+Vb

2 −0.1, + Vb

2 eV]), which ensure that the current values of pristine 4-ZGNR
are about stable at 6 µA. For the pristine 4-ZGNR, the electron wavefunctions of
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Fig. 6 Transmission spectra of pristine 3 (4)-ZGNR and 3 (4)-ZGNR@PHE(C) as a function
of energy and bias voltages. (a) Bias voltage 0 V, (b) 0.4 V, and (c) 0.8 V, (a)-(c) for 3-ZGNR
and 3-ZGNR@PHE(C), the illustrations of (b) and (c) are the MPSHs in the bias windows.
(d) Bias voltage 0 V, (e) 0.4 V, and (f) 1.4 V, (d)-(f) for 4-ZGNR and 4-ZGNR@PHE(C), and
the illustrations of (e) and (f) are the MPSHs in the bias windows, the green solid line is the
bias window.

LE matches RE at the bias voltage of 0 V. When the bias voltage increases,
the energy band of LE and RE move to the low energy and high energy region,
respectively, which makes the π∗ (π) band of LE and the π (π∗) band of RE
mismatch in the rang of [−Vb

2 + 0.1, + Vb

2 − 0.1 eV] (Fig. S1, as shown in the
supporting information). When the PHE is anchored at the edges of 4-ZGNR, the
pristine mirror symmetry is destroyed, symmetry laws are inapplicable any more.
Within the range of the middle parts of the bias window, the transmission of the
PHE fused 4-ZGNR increases obviously and close to 1. Therefore, the fact that
the transmission strengths of 4-ZGNR@PHE(X) are greater than that of pristine
4-ZGNR causes the currents growth. Similarly, the other I-V curves in Fig. 2 can
be interpreted by using these transmission spectra, respectively.

Then we consider the NDR and odd-even. Figs. 6(a)-(c) reveal the transmis-
sion spectra of the pristine 3-ZGNR and 3-ZGNR@PHE(C) measured by two-
probe devices at 0 V, 0.4 V, and 0.8 V. The molecular projected self-consistent
Hamiltonians (MPSHs) of 3-ZGNR@PHE(C) at 0.4 V and 0.8 V are also inserted
in (b) and (c) respectively. At 0 V (Figs. 6(a) and 6(d)), the transmission peaks
near the Fermi surface all exceed 1, which indicates the device has good metal
characteristics. Two transmission peaks can be observed in Figs. 6(b) and 6(c)
where they are labelled as P1 and P2. When the bias voltage at 0.4 V, P1 and P2
appear at the energy of −0.12 eV and 0.19 eV, respectively. As the bias voltage
increases to 0.8 V, P1 and P2 move to the low-energy region and the high-energy
region respectively with the bias window expands. Meanwhile, the peak value of
P2 gradually decreases during this process. When 0.4 V bias voltage is applied,
there are three transmission channels in the bias window: 189, 190, 191 (Fig. 6(b)
and 6(c)). The three orbits of 189-191 are delocalized over the whole device, thus
the transmission channel is opened. The delocalization of the 189 and 190 trans-
mission channels ensure that P1 remains a sharp peak below the Fermi surface.
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Fig. 7 (a)-(c) The I-V of 3-ZGNR@PHE(X) for the different lengths of CSR (12 U, 13 U,
14 U, 15 U). (d)-(f) The I-V of 4-ZGNR@PHE(X) for the different lengths of CSR.

With the applied bias voltage changes from 0.4 V to 0.8 V, the localization of
the 191 orbit is on the right electrode induces a gradual decrease of their corre-
sponding transmission peak P2. This is the cause of the NDR effect. In addition,
with the bias voltage increasing, the number of orbits remains the same and the
delocalization of the 189-191 orbits on the device is insignificant, which makes
the transmission of 3-ZGNR@PHE(C) less than that of pristine 3-ZGNR, thereby
causing the decrease of conductance.

For the case of PHE fused even-ZGNR, we adopt 4-ZGNR@PHE(C) as a rep-
resentative to explore the conductance enhancement. Figs. 6(d)-(f) show the cal-
culated transmission spectra of the pristine 4-ZGNR and 4-ZGNR@PHE(C) at
0 V, 0.4 V and 1.4 V. The MPSHs of 4-ZGNR@PHE(C) are also added in Figs.
6(e) and 6(f), respectively. For pristine 4-ZGNR, in the range of 0.1 eV at the
bias window, a transmission peak of 1 appears, which makes the current fixed at
6 µA. However, 4-ZGNR@PHE(C) exhibits a higher and wider transmission peak
due to the broken symmetry of structure in the bias window. Compared with the
transmission coefficient under the bias voltage of 0.4 V, the transmission peak at
1.4 V becomes wider and flatter, which leads to the integrated area of the trans-
mission coefficient at 1.4 V within the bias window is much larger than that under
0.4 V. When the bias of 0.4 V is applied, only the molecular orbits 239 and 240
reveal delocalization. The delocalized states of the orbits 239 and 240 cause a
sharp transmission peak at the Fermi level. However, there are other transmission
channels at 1.4 V (e.g., 238, 239, 240, 241, and 242). More transmission channels
make the transmission peak larger and wider at 1.4 V.

Finally, to make the research process more systematic, it is essential to study
the effect of the CSR lengths on electron transport of 3 (4)-ZGNR and 3 (4)-
ZGNR@PHE(X). Fig. 7 displays the calculated I-V curves for the various hybrid
structures with different lengths (where ZGNR is 12, 13, 14, and 15 unit cells). We
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find that, with altering the lengths of CSR, the I-V curves of 3-ZGNR@PHE(X)
revealing a similar variation tendency, and the current is basically equal. Further-
more, when the CSR gradually increases, the current of 4-ZGNR@PHE(B) and
4-ZGNR@PHE(C) is basically unchanged. Accordingly, we suggest that, regard-
less of the change in the lengths of the CSR, it will hardly affect the current and
parity characteristics of 3-ZGNR@PHE(X) and 4-ZGNR@PHE(X).

Overall, our study indicates that the quantum transport properties of these
hybrid structure are mainly determined by the number of ZCCs across the ribbon
width, rather than the ribbon length.

4 Summary

In this paper, we systematically studied the nanoscopic transport properties of the
fusing of the PHE to ZGNR by using a first-principle calculation based on DFT
and NEGF. The results show that, firstly, W -ZGNR@PHE(C) (W=3, 5, 7, 9) has
an NDR effect. On a deep physical level, when the bias is at [0.4, 0.8 V], the elec-
trons in the orbital 191 are gradually localized to the right electrode, which makes
the gradual disappearance of the transmission peak P2, thereby supplying the pro-
duction of the NDR effect. Secondly, the width of the carbon dimer line determines
the conductance of the molecule device. Specifically, when PHE coupling to odd
(even)-ZGNR, the conductance of the molecule device decreases (increases) and
shows odd-even characteristics. The reason for the parity is that compared with
the pristine odd (even)-ZGNR, after coupling PHE, the transmissions of the bias
window decrease (increase). In brief, our results illuminate that the PHE coupled
ZGNR hybrid structures have a high application value in the field of molecular
electronics (e.g., oscillators, amplifiers, memories, and logic circuits et al.).
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