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The inelastic electron tunneling spectroscopy of edge-modified
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The inelastic electron tunneling spectroscopy (IETS) of four edge-modified finite-size grapheme nanoribbon (GNR)-
based molecular devices has been studied by using the density functional theory and Green’s function method. The effects
of atomic structures and connection types on inelastic transport properties of the junctions have been studied. The IETS
is sensitive to the electrode connection types and modification types. Comparing with the pure hydrogen edge passivation
systems, we conclude that the IETS for the lower energy region increases obviously when using donor–acceptor functional
groups as the edge modification types of the central scattering area. When using donor–acceptor as the electrode connection
groups, the intensity of IETS increases several orders of magnitude than that of the pure ones. The effects of temperature
on the inelastic electron tunneling spectroscopy also have been discussed. The IETS curves show significant fine structures
at lower temperatures. With the increasing of temperature, peak broadening covers many fine structures of the IETS curves.
The changes of IETS in the low-frequency region are caused by the introduction of the donor–acceptor groups and the
population distribution of thermal particles. The effect of Fermi distribution on the tunneling current is persistent.
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1. Introduction

With the miniaturization of materials and device
size, carbon-based low-dimensional quantum structure has
been more extensively studied both theoretically and
experimentally.[1–6] The remarkable structural, electrical and
chemical properties of graphene make it one of the important
candidates of microelectronics and relative areas.[7–13] Nowa-
days, one can prepare, characterize and control extremely
small scale systems, such as nano-scale molecular devices
based on grapheme nanoribbon (GNR) slices.[14–18] The re-
sults of our previous work[19] show that the electronic and
elastic transport properties of GNR slices are strongly depen-
dent on edge modification types. When used as the molecular
core of nano molecular devices, the edge type can tune the
carrier distribution of the extended molecules. Furthermore,
the connection types of the molecular core and electrodes will
have a decisive impact on the contact conductance.[20–23] For
small-sized materials and devices, it is difficult to measure
and gain the configuration features of the device accurately

in experiment. The inelastic electron tunneling spectroscopy
(IETS) which is very sensitive to the configuration can give
structural information about the molecular junction. Further-
more, the IETS curve can provide a direct access for molecu-
lar identification and chemical bonding investigations.[24–30]

Thus, investigations of the effects of atomic structure and
connection types on inelastic transport properties of edge-
modified finite-size GNR-based molecular devices have sig-
nificant technological implications. In this work, the IETS
properties of several edge-modified GNR-based molecular de-
vices have been studied and discussed systematically.

2. Calculation methods and models
Here, four junctions based on finite-sized GNR slices

with different edge functional types have been considered as
the model systems. The construction process of model sys-
tems: based on the two-dimensional graphene structures, we
cut to obtain an 8× 8 rectangular graphene fragment with 8
carbon atoms on the zigzag (ZZ) edges and 8 carbon atoms
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on the armchair (AC) edges. This 8×8 GNR slice is the pro-
totype structure of the molecular core. Then passivation and
modification for the dangling bonds of edge carbon atoms have
been done. Optimization and relaxation have been down for
the molecular core systems. The extended molecules can be
established by connecting the molecular core systems with tri-
angle gold clusters. The introductions of a large number of
metal atoms in the system often bring magnitude growth of
the quantum chemistry calculations. Furthermore, the main
and most important IETS information comes from the vibra-
tions of the molecular atoms. Therefore, we choose triangle
gold clusters composed of three gold atoms connected with
the edge-terminated atoms of the molecular core as the con-
tact geometry of the extended molecules. Two types of modi-
fication have been chosen: one is that all of the dangling edge
carbon atoms on both ZZ and AC edges have been passivated
by hydrogen atoms. The other is that donor–accepter func-
tional groups NH2 and NO2 have been used to substitute the
hydrogen atoms of the opposite side of ZZ edge carbon atoms
respectively, that is, donor–accepter modifications have been
used for the ZZ edges and hydrogen passivation has been used
for the AC edges. Then the models have been constructed. For
simplicity, the system can be defined as H–H AC/ZZ or A–D
AC/ZZ according to the connection type. For example, the no-
tation A–D ZZ indicates a junction constructed by connecting
the AC edges of the GNR slice (in which the ZZ edge carbon
atoms are modified by NH2–NO2 functional pairs) with Au
electrodes, etc. The schematic diagrams of the molecular de-
vices and the atomic structure of the molecular core are shown
in Fig. 1. The results of one of our previous works show that
edge modification can tune the elastic transport properties of
GNR slices-based molecular devices.[19] In this work, we fo-
cus on the inelastic scattering process of the junctions.
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Fig. 1. (color online) The Schematic diagrams of the molecular devices
and the atomic structure of the molecular core.

The geometric optimization and electronic properties are
performed by using the density functional theory in the B3LYP
level.[31,32] In order to obtain more accurate results, we use
the 6-31G basis set for light atoms such as carbon, oxy-
gen, nitrogen, and hydrogen and the LanL2DZ basis set for
Au atoms. The transport properties are calculated by the
quantum chemistry for the molecular electronics (QCME)
code.[33–35] The basic theories of the QCME code are the scat-
tering theory and Green’s functional theory. The total cur-
rent (I) in the junctions include the contributions of elastic
(Iel) and inelastic (Iinel) electron scattering from the source
to drain electrode. The elastic scattering current is mainly
generated from electrons scattering from the molecular or-
bitals of the extended molecular. When energetic constraints
are satisfied, the electron crossing the junction may exchange
a definite amount of energy with the molecular nuclear mo-
tion, resulting in an inelastic component in the transmission
current.[36] It is known that the electron-vibronic coupling can
be mainly considered for the extended molecule part. In the
adiabatic Born–Oppenheimer approximation, the purely elec-
tronic Hamiltonian of the molecular systems can be considered
parametrically as dependent on the vibrational normal modes
Q. By using a Taylor expansion, the nuclear motion depended
wavefunction can be expanded along each vibrational normal
mode. The small conductance change induced by the electron-
vibronic coupling is commonly measured by the second har-
monics of a phase-sensitive detector for the second derivative
of the tunneling current d2I/dV 2. Since most IETSs are mea-
sured at the electronic off-resonant region (where conducting
levels are far from the Fermi energy), the adiabatic harmonic
approximation can be applied. We can then use the first deriva-
tive to represent the vibrational motion part in the wavefunc-
tions. In this case, the total quantum conductance is described
as

∑
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, (1)

where εη is the energy of eigenstate η of the pure electronic
Hamiltonian, ωα is the vibrational frequency of vibrational
normal modes Qα , and | ψν (Q)〉 is the vibration wavefunc-
tion. According to the device structures, the eigenstate at en-
ergy level εη that has been partitioned into three parts runs
over the atomic sites in the molecule: the source, drain and
extended molecule. The term | Kη〉 is the wave function of
the extended molecule subsystem. ψ

η

0 is here the intrinsic
electronic wavefunction at the equilibrium position Q0. The
parameter z in the Green’s function is a complex variable
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z =Ei+iΓi and Ei is the energy at which the scattering process
is observed. Γi is the escape rate.

3. Results and discussions
3.1. The inelastic electron tunneling spectroscopy of edge

modified GNRs-based junctions

Comparing with the results of elastic scattering, the in-
elastic scattering current is very small. The energy exchange
between the scattering electrons and nuclear motion will re-
sult in an inelastic component in the transmission current. The
nuclear motion will introduce vibrational excited states which
are the ones that contribute to the inelastic component in the
case of off-resonant excitation. If the transmission is far below
unity, the inelastic component can lead to a second tunneling
path, which gives an additional current contribution to the tun-
neling current. While in case of a close to unity transmission
the inelastic current can reduce the current (have a negative
sign) by producing a “dip” in the inelastic tunneling spectrum.
According to the characteristics of structure, the four molec-
ular junctions studied in this paper can be seen as two major

categories. The first system is that by connecting the hydrogen
atom passivated AC edges with Au electrodes to form molec-
ular junctions, and the ZZ edges modified by pure hydrogen
or donor–acceptor pairs as the main scattering molecular core
region. The other system is that by connecting the pure hydro-
gen atom or donor–acceptor pairs modified ZZ edges with Au
electrodes to form molecular junctions, and the AC edges pas-
sivated by pure hydrogen as the central scattering molecular
core region. We know that the electrode connections mainly
affect the contact conductance. As the central scattering re-
gion, the actual composition and structure of the central por-
tion of the extended molecule is the main electron transport
channel of the devices. The electronic structure and molec-
ular orbital distribution characteristics directly determine the
tunneling conductance through the devices. Thus, functional
modification on the open edges or body atoms of finite-sized
GNR slices has become an important means to control the
overall distribution of the carrier and the transport properties
of the devices. The calculated inelastic tunneling spectrums of
the four junctions as a function of applied bias voltage at room
temperature have been shown in Fig. 2.
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Fig. 2. The inelastic electron tunneling spectroscopy as the function of source–drain bias voltage of the H–H AC, H–H ZZ, A–D AC,
and A–D ZZ systems at room temperature a.u..

The main research point of this work is illustrating the ef-
fects of electrode connection types and central molecular mod-
ification on the inelastic tunneling current of the systems. So
we have adopted arbitrary units in Fig. 2. The inelastic current
is very small, only a few minus magnitude of 10. It is known
that the comparisons of the direct intensity of IETS curves be-
tween different systems have little significance. The relative
intensity of the peaks is important information. By comparing
the IETS peaks, we conclude that the peak intensity and peak
position of the four systems are quite different. The intensity
of IETS partly reflects the strength of atomic vibrations. Thus,
we may conclude that the ZZ systems are more stable than the

AC systems. From Fig. 2 one can see that the inelastic tunnel-
ing spectrum is sensitive to the atom structure and component
of the central molecular core. Based on the results of the four
junction models, one can see that the main inelastic scattering
appeared in the range from 0 V to 0.2 V, presenting as large
peaks. There is a relatively small peak and a “dip” in the area
0.3 V∼ 0.4 V as shown in Fig. 2. The introductions of donor–
acceptor functional groups have a significant impact on the
inelastic tunneling spectrum. Comparing with the results of
the two pure hydrogen passivation systems H–H AC and H–H
ZZ as shown in Figs. 2(a) and 2(b), one can see that the differ-
ent electrode connection types and the edge termination struc-
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tures of the central GNR slices have a certain influence on the
IETS curves. There are some differences on the peak position
and peak broadening. Comparing with the results of H–H AC
and A–D AC systems shown in Figs. 2(a) and 2(c), we can see
that the inelastic tunneling spectrum will have an overall slight
shift to the low energy region and the inelastic contact con-
ductance near the Fermi level also slightly increased by using
donor–acceptor groups as the link group. Comparing with the
results of H–H ZZ and A–D ZZ systems shown in Figs. 2(b)
and 2(d), one can conclude that the inelastic current for the
lower energy region increases obviously when using donor–
acceptor functional groups as the edge modification types of
the central scattering area. It needs to be mentioned that a new
peak of the IETS curve appears near the Fermi level, and a
number of small vibrational peaks and “dips” appear at higher
energy regions. The reason may be that the introduction of
donor–acceptor functional groups causes the rehybridization
of edge carbon-groups, and the nuclear motion for the sys-
tems is much stronger than that of the pure carbon-hydrogen
ones. The nuclear motion can introduce vibrational excited
states which contribute to the inelastic electron scattering. The
metal atoms considered in the extended molecules will also
bring some low frequency vibration modes. Furthermore, the
donor–acceptor groups will also have an effect on the carrier
concentration and distribution of the molecular core, thus the
electronic properties of the system and the transport properties
of the junctions will be tuned. These two mechanisms can tune
the molecular orbitals and thus change the transport properties
of the devices.

3.2. The IETS of H–H ZZ and A–D ZZ systems at low tem-
perature

It is known that the IETS is a powerful spectroscopic tool
for molecular identification and chemical bonding investiga-
tions. In order to see the influence of the donor–acceptor
groups on the IETS curves more clearly, in this part, we fo-
cused on two systems H–H ZZ and A–D ZZ and calculated
the IETS at low temperature 4.2 K. The calculated results
are shown in Fig. 3. From Fig. 3 one can see that the IETS
curves show significant fine structure at low temperature. For
the pure carbon-hydrogen system H–H ZZ, all of the peaks
come from the vibration of carbon and hydrocarbon atoms
or groups. The strongest peak appears at the energy region
between 0.1 V∼ 0.2 V. By introducing donor–acceptor pairs,
there are two significant changes of the IETS. Firstly, compar-
ing with the pure carbon-hydrogen system, new IETS peaks
appear at multiple energy regions after the introduction of
donor–acceptor groups. These peaks come from the vibra-
tion mode of atoms for the donor–acceptor groups and cou-
pling between edge groups. Therefore, the IETS can be used
as one of the qualitative detection methods of the composi-

tion of micro systems by comparing with the various vibra-
tional modes obtained in experiments. Secondly, the inten-
sity distributions as a function of the bias voltage of the IETS
have been changed after the introduction of donor–acceptor
groups. The peak with maximum intensity appears near the
Fermi level, and the small peak near 0.4 V has split into two
peaks. The redistribution of the IETS peak intensity illustrates
that the carrier concentration and distribution of the system
have been changed and tuned by introducing donor–acceptor
groups. Thus, the functional modification becomes an impor-
tant means to manipulate the electronic transport properties of
molecular junction systems.

(d
2
I
/
d
V

 2
)/

(A
/
V

2
)

(d
2
I
/
d
V

 2
)/

(A
/
V

2
)

0 0.05 0.10 0.15 0.20 0.40 0.42 0.44

0 0.05 0.10 0.15 0.20 0.40 0.42 0.44

(a)

 4.2 K 

         H-H ZZ

V/V

V/V

(b)

4.2 K 

        A-D ZZ

Fig. 3. The inelastic electron tunneling spectroscopy as the function of
source–drain bias voltage of the H–H ZZ and A–D ZZ system under
lower temperature T = 4.2 K.

3.3. Temperature dependence of inelastic electron scatter-
ing

It is known that the electron scattering process is sensitive
to temperature. Furthermore, temperature also has a certain
impact on the molecular motion, thus we discuss the tempera-
ture dependence of the IETS in this part. All of the transport
properties have been calculated by the QCME code. The theo-
retical calculation methods of QCME show that there are two
main factors which have exponential dependence on tempera-
ture closely related to temperature: the population distribution
of thermal particles, which can be calculated using the Boltz-
mann distribution function Pn and the electron Fermi distribu-
tion at the end of source and drain electrodes f (E), where

Pnv′′
α

= e−[∆E/kBT ], (2)
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Fig. 4. (a)–(f) The inelastic electron tunneling spectroscopy under dif-
ferent working temperatures for the A–D ZZ system.

By using the A–D ZZ system as an example, we cal-
culate the IETS under different working temperatures (from
4.2 K to 298 K). The results are shown in Figs. 4(a) to 4(f).
From Fig. 4 one can see that the IETS curves show a signif-
icant fine structure at lower temperatures. With the increas-
ing of temperature, each peak widened more and more obvi-
ously. Each peak broadening covers many fine structures of
the IETS curve. When increasing to room temperature 298 K,
there are only three characteristic peaks which are located in
near 20 mV, 100 mV, and 210 mV on the IETS curve. From
35 K, the peaks of IETS have been significantly widened. The
characteristics and change trend of the IETS curves are quite
similar to that of higher temperatures. In the experiment, the
preparation and characterization of materials and devices are
more difficult to achieve at very low temperatures. This re-
quires higher experimental conditions and higher cost. It is
necessary to mention that the interaction between electron and

molecular dipoles also plays a role in IETS at a high tempera-
ture. The IETS curves measured at much higher temperatures
cannot be used to identify the atomic structures of the molecu-
lar devices. The results also show that there is a peak of IETS
near 400 mV. The intensity of this peak is very small. The
high-frequency vibration modes are mainly from the contri-
bution of the molecules. The metal atoms considered in the
extended molecules will bring some low frequency vibration
modes. For the A–D ZZ system, by introducing the A–D pairs,
new molecular vibrational levels which were derived from the
metal atoms and metal-molecule vibration have been intro-
duced. Thus, the changes of IETS in the low-frequency region
are partially caused by the introduction of the donor–acceptor
groups. The population distributions of thermal particles also
have certain effects on the IETS in the lower-frequency region.
Due to the fact that energy difference is often close to zero in
the vicinity of the conducting orbits, the effect of Fermi distri-
bution on the tunneling current is persistent.

4. Conclusions
In this paper, the inelastic tunneling spectroscopy of four

junctions based on 8× 8 finite-sized GNR slices have been
calculated. Two edge functional modification types with hy-
drogen and donor–acceptor pairs have been considered. The
IETS curves are sensitive to the atomic structures and elec-
trode connection types of the systems. Comparing with the
pure carbon-hydrogen systems, the donor–acceptor functional
groups have effects on the rehybridization of edge carbon-
groups and the carrier concentration and distribution of the
molecular core. The nuclear motion and coupling between
the electrodes and molecular core will introduce vibrational
excited states which contribute to the inelastic electron scat-
tering. New IETS peaks appear at multiple energy regions
and the intensity distributions as a function of bias voltage of
the IETS have been changed after the introduction of donor–
acceptor groups. These changes mainly come from the vibra-
tion mode of atoms for the donor–acceptor groups and cou-
pling between edge groups. Therefore, the IETS curves can be
used as one of the qualitative detection methods of the com-
position of micro systems by comparing with the various vi-
brational modes obtained in experiments. For the temperature
dependence of IETS, results show that the changes of IETS in
the low-frequency region are caused by the introduction of the
donor–acceptor groups and the population distribution of ther-
mal particles, and that the effect of Fermi distribution on the
IETS is persistent.
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