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Tuning the type of charge carriers in N-heterocyclic carbene-based
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Designing tunable molecular devices with different charge carriers in single-molecule junctions is crucial to the next-
generation electronic technology. Recently, it has been demonstrated that the type of charge carriers depends on and can be
tuned by controlling the molecular length and the number of interfacial covalent bonds. In this study, we show that the type
of charge carriers can also be tuned by controlling the material and shape of electrodes. N-heterocyclic carbenes (NHCs)
have attracted attention because of their ability to form strong, substitutional inert bonds in a variety of metals. Also,
NHCs are more stable than the widely used thiol group. Therefore, we use electrodes to tune the type of charge carriers
in a series of NHCs with different side groups. The ab initio calculations based on non-equilibrium Green’s formalism
combined with density functional theory show that the dominant charge carrier switches from electrons to holes when gold
electrodes are changed into platinum ones. The nature of the charge carriers can be identified by variations in the transport
spectra at the Fermi level (EF), which are caused by the side groups. The projections of transport spectra onto the central
molecules further validate our inferences. In addition, the transmission coefficient at EF is found to be dependent on the
atomic interface structure. In particular, for the NHC without methyl or ethyl side groups, connecting a protruding atom
on the electrode surface significantly enhances the transportability of both electrode materials. Overall, this study presents
an effective approach to modifying transport properties, which has potential applications in designing functional molecular
devices based on NHCs.

Keywords: molecular electronics, charge carriers, side groups, non-equilibrium Green’s function
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1. Introduction

Over the past few years, single molecular electronics
has aroused unprecedented interest as a promising alterna-
tive to conventional Si-based electronics.[1] Thus far, sev-
eral remarkable functional single-molecule devices mimicking
the functionality of typical electronic components have been
theoretically designed and experimentally fabricated, such
as single-molecule switches,[2–9] molecular diodes,[10–12] and
field-effect transistors.[13–15] Complementary metal–oxide–
semiconductor (CMOS) transistors consisting of p-type and
n-type transistors are the fundamental building blocks of the
modern semiconductor industry. To realize functional circuits
like CMOS, it is vital to create and control both types of charge
carriers. The type of molecular junction is defined according
to the main charge carrier present: an electron for n-type and a
hole for p-type. In an n-type (p-type) molecular junction, the
unoccupied (occupied) molecular orbitals dominate the trans-
mission. Charge carriers are generally dominated by the rela-
tive alignment of the frontier molecular orbitals and the Fermi
level (EF) of the electrodes in the molecular junctions.[16] Re-
cently, Dell et al. tuned these types of charge carriers into
a family of electron-deficient thiophene-1,1-dioxide (TDO)
oligomers by controlling the number of TDO units.[17] Fur-

ther, Low et al. fixed the length of TDO oligomers and al-
tered the strength of electron acceptors in the molecular back-
bone to systematically switch their polarity,[18] whereas Jiang
et al. utilized the variation in the number of C–C covalent
bonds formed at graphene–porphine–graphene (GPG) molec-
ular junctions to tune the polarity of charge carriers.[19] Ad-
ditionally, varying the anchor groups between molecules and
electrodes is an efficient strategy to realize different types of
charge carriers. Notably, for Au electrodes, molecules termi-
nated with pyridine group conduct through the lowest unoccu-
pied molecular orbital (LUMO), while those terminated with
thiolate group conduct through the highest occupied molecular
orbital (HOMO).[20] Here, we demonstrate that controlling the
material and shape of electrodes is another effective strategy to
tune the polarity of charge carriers.

Since the initial report by Arduengo et al.,[21] N-
heterocyclic carbenes (NHCs) have become one of the most
investigated families of ligands because they can form strong,
substitutional inert bonds in a variety of metals.[22–25] Com-
pared with the widely utilized thiol group, which tends to de-
grade in air, light, or organic solvents,[26,27] NHCs can retain
their stability within a wide pH range, in harsh conditions such
as high temperature, and oxidizing environments.[28,29] Func-
tionalized NHC–metal complexes play a vital role in cataly-
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sis, surface protection, drug protection and delivery, sensing,
surface-enhanced Raman spectroscopy, and electronics.[30–35]

The binding mode of NHCs on metal surfaces can be tuned
by the side groups. In the case of short alkyl side groups,
the standing-up configuration is selected, whereas in the case
of longer alkyl groups, the flat-lying configuration is the
preferred orientation.[36] Although the bonding of NHCs to
a metal surface via a protruding (adatom) site or an atop
site provides much lower adsorption energy when the NHCs
are perpendicular to the metal surface than when they are
parallel,[37,38] the strong metal-C bond formed at the con-
tact interface provides enhanced electronic coupling, which
can facilitate the transfer of electrons from the electrodes
to the molecules and vice versa. Compared with the thiol-
modified metal surface, the NHC-modified metal surface is a
very promising candidate in electronics due to its lower work
function.[39] Recently, theoretical and experimental investi-
gations have revealed that the conductance of NHC molec-
ular junctions can be influenced by the shape of the tip and
the linked metal atoms.[40,41] Further, to fully understand the
transport properties of NHCs, it is necessary to investigate the
effect of the electrodes.

In this work, we investigate the transport properties of
NHC molecules with H, methyl, and ethyl side groups. The
molecules are separately connected to the atop positions and
adatom positions on Au (111) and Pt (111) surfaces. The side
groups are used to change the energy levels of NHC molecules.
This provides an excellent way to align the energy levels be-
tween the electrodes and molecules, similar to the way a gate
electrode is used in molecular junctions. Changing the side
groups from H to methyl to ethyl raises the energy levels of
NHC molecules accordingly. In addition, we consider how
these energy levels can be tuned by the nature of the elec-
trodes. When the electrode is made of gold, the reduction in
the transmission coefficient at EF is ascribed to the LUMO of
the isolated molecule. However, in the case of a platinum elec-
trode, the increase in the transmission coefficient at EF is at-
tributed to HOMO-2. We design n-type and p-type molecular
junctions by using NHC molecules through changing the elec-
trodes from gold to platinum, which may be the basic building
blocks for assembling future molecular circuits. We believe
that our findings have potential applications in designing and
tuning the type of charge carrier in molecular devices.

2. Theoretical model and methods
The supercell, describing the metal–molecule–metal

junction, contains three parts: the left electrode, the right elec-
trode, and the central scattering region, which are illustrated
in Fig. 1. The Au (111) slabs containing three atomic layers
on the left- and right-hand side are used to model the semi-
infinite electrodes. A 4×4 periodicity is used in the xy plane

with 16 atoms per layer. Except for the repetitive electrode
region, the central scattering part contains NHC molecules
with three different side groups: H(NHC–H), methyl(NHC–
Me), and ethyl(NHC–Et) groups, whose structural formulas
are shown in Fig. 1(a). They are symmetrically connected
to the atop positions and adatom positions on the Au surface
through flanked carbon atoms, which are shown in Fig. 1(b).
Here, we refer to the atop position as the position in which the
molecule connects directly to one atom on the metal surface,
while we refer to the adatom position as the position in which
the molecule connects to an atom protruding from the metal
surface. In addition to the Au (111) electrode model, a simi-
lar model based on Pt (111) electrodes is also considered. All
the structures of the devices discussed in this study except the
Au-NHC(H)-Au molecular junctions are shown in Fig. S1.
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Fig. 1. (a) Molecular structure of NHC with substitutional side group R,
which includes H, methyl, and ethyl groups. (b) Schematic diagram of
molecular transport junction, with central molecular backbone being NHC
molecule that is attached to atop position (down panel) and adatom position
(up panel) on Au (111) surface.

Firstly, the NHC molecules whose side groups are
changed from hydrogen into methyl to ethyl are opti-
mized in the SIESTA package through the standard con-
jugation gradient method until the atomic forces are less
than 0.03 eV/Å.[42–45] After constructing the metal–molecule–
metal sandwich junctions, the same force criterion is adopted
to relax these molecular junctions, where only the molecu-
lar bridge and two adjacent Au layers on the left- and right-
hand sides are optimized. The following finite-range numeri-
cal basis sets are employed to describe the valence electrons: a
double-zeta plus polarization (DZP) basis set for C, H, and N
atoms, a DZP basis set extended with diffuse functions for Au
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atoms on the surface, and a single-zeta plus polarization (SZP)
basis set for bulk Au atoms. In the case of a Pt electrode,
an SZP basis set is sufficient.[46] The exchange–correlation
functional is based on the generalized gradient approximation
(GGA) proposed by Perdew–Burke–Ernzerhof (PBE).[47,48] A
density mesh cut-off of 200.0 Ry (1 Ry = 13.6056923(12) eV)
is used for the real-space grid.

The transport properties are investigated by using a com-
bination of non-equilibrium Green’s function (NEGF) com-
bined with density functional theory (DFT) approaches, which
is implemented in the SMEAGOL package.[49–54] The ele-
mental parameters are the same as those in the case of the re-
laxing process. To calculate the Green’s function, 24 energy
points along the semi-circle and 24 points along the line in the
complex plane are employed. We use 24 poles for the Fermi
function with an electronic temperature of 25 meV. The trans-
mission spectrum T (E) of the metal–molecule–metal junction
is calculated from the following equation:

T (E) =
1

S2DBZ

∫
2DBZ

T (𝑘;E)d𝑘, (1)

where S2DBZ is the area of a two-dimensional Brillouin zone
in the lateral direction, which is orthogonal to the transport
direction. The transmission coefficient T (𝑘;E) is defined as
follows:

T (𝑘;E) = Tr[ΓLGR
MΓRGR+

M ], (2)

where GR
M is the retarded Green’s function matrix of the cen-

tral molecule, and ΓL (ΓR) is the broadening function or ma-
trix that describes the interfacial interaction; subscript L (R)
denotes the left-hand (right-hand) side interfaces. The k-point
sampling with 4×4 k-points (one k-point) is employed in the
periodic (transport) direction.

3. Results and discussion
We initiate the study by exploring the geometric and elec-

tronic structure of NHC molecules. The investigation of dif-
ferent side groups indicates that the atomic structure of the
NHC backbone is almost the same for all the three molecules,
where the length of the C–N bond is 1.37 Å, and that of the
C–C bond in central benzene is 1.40 Å. However, as shown
in Fig. 2, when the side group is changed from H to methyl
to ethyl, the energy levels are gradually upshifted. The con-
siderable rise in the energy levels from NHC–H to NHC–Me
and a small increase from NHC–Me to NHC–Et can be under-
stood based on the nature and intensity of electron-donation
by the methyl and ethyl groups. The energy gap between the
HOMO and LUMO is almost the same (∼ 3.15 eV) for NHC–
H and NHC–Me, while for NHC–Et the energy gap is slightly
smaller (∼ 3.07 eV). The frontier molecular orbitals of NHC–
H are illustrated on the right panel in Fig. 2. The HOMO-2,

LUMO, and LUMO+1 exhibit very delocalized electron dis-
tributions, each of which consists of p-orbitals from the N and
C atoms of the NHC backbone. In contrast, in the case of
HOMO and HOMO-1, the σ bond in the central phenyl com-
ponent reduces the coupling between the lone pair orbitals of
terminal C atoms. In particular, HOMO and HOMO-1 repre-
sent the same state distributions except the sign of the p-orbital
of the terminal C atom, which is opposite on the right-hand
side. A comparison of the states among NHC–H, NHC–Me,
and NHC–Et is illustrated in Fig. S2, which reveals that these
states are independent of the side groups. The effect of the
side groups on the NHC backbone is similar to that of a gate
electrode, which adjusts the movement of molecular energy
levels. This provides a powerful way to identify the type of
charge carriers in NHC-based molecular junctions.
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HOMO 2H methyl ethyl

Fig. 2. Frontier molecular orbitals of isolated NHC molecule with side group
H (right), and variation in energy levels when side group is changed from H
to methyl and ethyl (left).

The equilibrium transmission spectra of NHC with three
side groups located on the top of Au (111) surface are shown
in Fig. 3(a). Overall, these spectra exhibit similar trends, i.e.,
each of them has two prominent peaks and a long plain region
(∼ 2.5 eV) crossing EF. However, the transmission spectra
shift toward higher energy positions as the side group changes
from H to methyl to ethyl, which is consistent with the trend of
molecular energy levels. At EF, the transmission coefficient is
1.2×10−2 G0 (G0 = 2e2/h, e is the electron charge and h is the
Planck’s constant) for NHC–H, 7.5×10−3 G0 for NHC–Me,
and 7.3×10−3 G0 for NHC–Et, separately. This decreasing
trend suggests that electrons may be the primary charge car-
riers, producing an n-type molecular junction. In the case of
NHC–H, a narrow peak is located at −2.66 eV below EF, and
a broad peak is located at 0.90 eV above EF. However, in the
case of NHC–Me, the transmission peak below EF is a super-
position of a sharp peak and a broad peak. The sharp peak is
observed to be at −2.21 eV, and the resonance peak is located
at 1.23 eV above EF. When the central molecule changes to
NHC–Et, two peaks near EF are observed to be at −2.21 eV
and 1.27 eV, respectively. Considering the fact that the peak
below EF is far from EF and decays sharply, it may be inferred
that the resonance peak above EF primarily contributes to the
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transmission coefficient at EF. It is the contribution coming
from the unoccupied state that suggests that these molecular
junctions are of n-type.

-2    0 2
↼E↩EF)/eV

1-1-3
0

1.0
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H

methyl

ethyl
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-2 2-3
0

1.0
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T
↼E
↽

H
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atop
(a)

(b)

Fig. 3. Equilibrium transmission spectra at different contact positions on Au
electrode surface: (a) atop position, (b) adatom position, with insets show-
ing amplified transmission coefficient at EF, and blue, red, and pink curves
indicating H, methyl, and ethyl side groups at R position of NHC molecule,
respectively.

When the adsorption position of Au is changed from an
atop position to an adatom site, the overall trend of the trans-
mission spectra is not reversed as shown in Fig. 3(b). How-
ever, the coupling strength becomes slightly weaker when the
number of connecting Au atoms decreases from three to one.
The energy corresponding to these peaks above EF rises from
0.39 eV to 0.76 eV to 0.81 eV as the side group changes from
H to methyl to ethyl, and the transmission coefficient at EF de-
creases from 2.2×10−2 G0 to 7.3×10−3 G0 to 6.8×10−3 G0,
respectively. In the case of NHC–H, the change from an atop
position to an adatom position shifts the peak above EF to a
position near EF, which facilitates a significant enhancement
in transmission coefficient at EF in Au adatom. By contrast,
in the case of NHC–Me and NHC–Et, the transmission coeffi-
cient at EF decreases with respect to that at the Au atop posi-
tion. The opposite trend has been reported earlier and can be
rationalized in terms of the effect of interfacial structures.[55]

To obtain an insight into the nature of transport, we
project the equilibrium transmission spectra onto the fron-
tier molecular orbitals, to analyze the influence of interfacial
structures and side groups on the transferring channel at EF.
For the case of Au at an atop position, the projections of NHC

with different side groups are shown in Fig. 4. Remarkably,
HOMO and HOMO-1 equally contribute to the transmission
spectra, which can be understood by the same electron distri-
butions shown in Fig. 2. The transmission spectra contributed
by HOMO and HOMO-1 exhibit a plain region because the
interfacial coupling is extremely strong. The peak located at
−2.66 eV facilitates a conductance value of 1.8 G0. It is dom-
inated by HOMO-2 and HOMO-3 that provide two transport
channels. The resonance peak above EF, which contributes to
a conductance of 1 G0, is ascribed to the LUMO. Although
the transmission coefficient at EF contributed by HOMO and
HOMO-1 are very similar to that by NHC–H and NHC–Me,
the contribution of LUMO results in a smaller conductance
value of 0.001 G0 at EF. Interestingly, the peak at HOMO-2
in NHC–Me is observed to be at a lower energy than that at
HOMO-3. This indicates that the coupling between HOMO-2

↼E↩EF)/eV
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↽
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↽
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HOMO
HOMO 1
HOMO 2
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SUM
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Fig. 4. Transmission spectra projected onto frontier molecular orbitals of
NHC molecule, which are located at atop position on Au electrode surface
with (a) H, (b) methyl, and (c) ethyl side groups.
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and the energy states of the electrodes is strong, which causes
the electrons transferring to the electrodes to be enhanced. For
NHC–Et, the LUMO peak rises further, generating the small-
est transmission coefficient at EF. These observations are in
agreement with the results obtained according to the projec-
tions in Fig. 3(a), which shows that the properties of the NHC
molecules with methyl and ethyl side groups are similar. Even
though the adsorption site of Au is changed from an atop posi-
tion to an adatom position, the primary characteristics remain
identical. Figure S3 shows that LUMO, which is closer to EF,
facilitates a higher conductance value. However, for NHC–Me
and NHC–Et, the interfacial effect can counteract the effect of
downward LUMO, resulting in a smaller transmission coeffi-
cient at EF.

Recently, Zeng et al. successfully deposited an NHC
molecule onto a Pt (111) surface to exhibit an extremely stable
interfacial contact.[56] Due to the similar influences of methyl
side group and ethyl side group on the transport properties, we
investigate only Pt–NHC(H/Et)–Pt molecular junctions. When
the NHC is located at a Pt-atop site, the length of the Pt–C
bond is nearly 1.97 Å for NHC–H and 2.01 Å for NHC–Et.
In Fig. 5(a), the Pt-(NHC–H)–Pt molecular junction exhibits
three prominent peaks at 2.10 eV, −1.42 eV, and −1.72 eV, re-
spectively. A broad distribution is observed between −0.88 eV
and −2 eV, which indicates a high transmission coefficient. A
flat curve above −0.88 eV, which is ∼ 2.25 eV long, exhibits
an extremely small transmission coefficient. Considering the
energy gap between the peaks near EF and EF, the conductance
value of 7.7×10−3 G0 at EF can be attributed to the peaks be-
low EF. When the side group changes into ethyl, the peak
below EF shifts toward a higher energy, while the peak above
EF shifts toward a lower energy. Accordingly, the transmission
coefficient at EF increases to 9.3×10−3 G0, which further val-
idates our suggestion that these occupied orbitals contribute to
the transmission. Figure 5(b) shows that in the case of the Pt
adatom, the transmission coefficient contributed by the promi-
nent peak above EF is nearly the same (∼ 1.0 G0), which is in-
dependent of the side groups. In contrast, the NHC–Et exhibits
a higher conductance value under EF. At EF, the values of
conductance for NHC–Et and NHC–H are 1.95×10−3 G0 and
1.59×10−3 G0, respectively. These results suggest that the up-
ward peaks under EF dominate the transmission coefficient at
EF. The weaker coupling that exists between molecular unoc-
cupied orbitals and the Pt d-orbitals also appears between the
three connecting metal atoms and the terminal C atom in the
NHC molecule; this coupling strength becomes weaker when
the number of connecting atoms decreases from three to one.
The peaks under the Fermi level increase closer to the Fermi
level because the higher Pt d-orbitals interact with the NHC
molecule than the Au d-orbitals. In particular, when the NHC
molecule is attached to the adatom position, the interaction be-

tween the molecular orbitals and the Pt d-orbitals is enhanced
and results in a large increase in transmission coefficient at the
Fermi level.
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Fig. 5. Equilibrium transmission spectra at different contact positions on Pt
electrode surface: (a) atop position and (b) adatom position. Inset in panel
(a) shows amplified transmission coefficient at EF. Blue and pink curves
refer to H and ethyl side groups at the R position of the NHC molecule,
respectively.
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Fig. 6. Transmission spectra projected onto frontier molecular orbitals of
NHC molecule, which is located at atop position on Pt electrode surface
with (a) H and (b) ethyl (b) side groups.

113101-5

http://cpb.iphy.ac.cn/UserFiles/File/2020-113101-SI.pdf


Chin. Phys. B Vol. 29, No. 11 (2020) 113101

Finally, we focus on the projections of the transport spec-
tra onto the frontier molecular orbitals of NHC–H and NHC–
Et to obtain a better understanding of the transport properties.
These spectra (in logarithmic scale) are shown in Fig. 6 and
Fig. S4. In the case of the Pt atop position, the transmission
coefficients contributed by HOMO and HOMO-1 are equiva-
lent to each other, which may be attributed to the electronic
distribution of the frontier molecular orbitals. This scenario
is similar to the one explained above. It is also clear that the
peak above EF is dominated by LUMO, while the transmis-
sion peaks under and at EF are dominated by HOMO-2 of iso-
lated NHC molecules (Figs. 2 and 6). In the case of NHC–Et,
the higher conductance value at EF is ascribed to the upward
HOMO-2. Overall, we can conclude that the conductive holes
are the dominant charge carriers at EF. Figure S4 shows that
when the interfacial structure changes to a Pt adatom position,
the upward shifted HOMO-2 facilitates a higher conductance
value at EF. Therefore, when NHC–H and NHC–Et are con-
nected to the Pt electrode, holes are the primary charge carri-
ers, which suggests that the molecular junction is of p-type.

4. Conclusions

We employ a combination of DFT and NEGF to investi-
gate the transport properties of the NHC molecule with three
side groups (H, methyl, and ethyl groups) located at atop pos-
tions and adatom positions on Au (111) and Pt (111) surfaces.
We observed that side groups can be used to adjust the energy
levels of the NHC molecular backbone as well as the energy
alignment between the electrodes and molecules. The proper-
ties can be further tuned by controlling the shape and material
of the electrodes. When the side group changes from H to
methyl to ethyl, the energy levels of the NHC molecule are
upshifted accordingly. Notably, the transmission channel at
EF changes from HOMO-2 to LUMO for isolated molecules
when the electrode material changes from gold to platinum.
Consequently, we are able to design an n-type and a p-type
molecular junction based on NHC molecules by changing the
nature of the electrodes. We believe that our theoretical results
provide an effective approach to tuning the type of charge car-
riers in molecular devices and to designing the next-generation
functional molecular devices such as switches and memories.
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