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ABSTRACT: The PNP structure realized by energy band engineering
is widely used in various electronic and optoelectronic devices. In this
work, we succeed in constructing a PNP-type single-molecule junction
and explore the intrinsic characteristics of the PNP structure at the
single-molecule level. A back-to-back azulene molecule is designed with
opposite ∼1.7 D dipole moments to create PNP-type single-molecule
junctions. In combination with theoretical and experimental studies, it
is found that the intrinsic dipole can effectively adjust single-molecule
charge transport and the corresponding potential barriers. This energy
band control and charge transport regulation at the single-molecule
level improve deep understanding of molecular charge transport
mechanisms and provide important insights into the development of
high-performance functional molecular nanocircuits toward practical
applications.

■ INTRODUCTION
Energy band engineering in electronic and optoelectronic
devices is of great importance for the semiconductor industry,
which can determine the function and performance of devices.
In terms of macroscopic devices, many functional devices, such
as bipolar junction transistors (BJTs) and field-effect
transistors (FETs), can be constructed using appropriate
energy bands to obtain high gain and an on−off switching
ratio.1−8 The internal energy band structure of these devices is
determined by the contact potential at the interface and space
charge distribution, which has a great impact on device
performance.9−15 There are mainly three methods to adjust the
energy band in devices, including doping,16 lateral carrier
injection,17 and longitudinal electric field.18 Through reason-
ably designing the chemical structure of a molecule or
adjusting the chemical environment within the molecule, the
energy band of a single molecule can also be adjusted, which
regulates charge transport at the single-molecule level and
continues device miniaturization according to Moore′s law.
For instance, by introducing different electronegative frag-
ments into molecules, single-molecule PN junctions have been
constructed to behave as rectifiers.19−21 By adjusting the
energy band structure, single-molecule devices with special
functions can be designed, which is of great significance for the
study of the molecular property and the construction of high-
performance nanoelectronic devices.

The PNP structure is an important structure constructed by
energy band engineering, which is composed of an n-type

region sandwiched between two p-type regions. PN junctions
on both sides lead to the formation of two back-to-back space
charge regions with energy band bending. Since the transistor
was proposed by the Bell laboratory in 1947,22 transistors
having the PNP structure have been widely used in various
electronic devices, such as BJT and FET. In addition, the PNP
structure also widely exists in other molecular materials and
devices, such as photodetectors.23−25 The single-molecule
device platform provides an intrinsic way to study the PNP
structure from the perspective of a single molecule. The energy
band regulation has been effectively realized in single-molecule
PN junctions. Similar models of P(N)−molecule−P(N)
junctions with P(N)-doped semiconductor electrodes,26−28

by adjusting the molecule/electrode interface, can realize
special heterojunction functions. The design of the molecule
itself can provide more possibilities for adjusting the inherent
electrical properties of single-molecule heterojunctions. The
implementation of single-molecule PNP junctions will provide
valuable insights into the molecular charge transport
mechanisms and help design new single-molecule functional
devices.
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Azulene consists of a five-membered ring with a partially
negative charge and a seven-membered ring with a partially
positive charge. Owing to its inherent dipole moment, the
azulene-based π-conjugation system has been used to construct
various materials with unique properties, including conducting
polymers, electrochromic materials, fluorescence switching
materials, and anion receptors.29−33 In this work, the molecule

including two back-to-back azulene units was designed and
used to construct single-molecule devices with the PNP
structure. Meanwhile, naphthalene, as an isomer of azulene
without dipole moment, served as the control. At low
temperatures, the influence of the PNP structure on
rectification was studied to clarify the intrinsic PNP properties.
To explore the effect of the PNP structure on charge transport

Figure 1. Design of the PNP-type molecule. (A) Calculated electrostatic potential mapping of the azulene unit (upper left), the naphthalene unit
(upper right), the azulene molecule (middle), and the naphthalene molecule (down). Red color represents negative charge, while blue color
represents positive charge. ESP unit: Hartree/e. (B) Structures of the designed azulene molecule (up) and the control naphthalene molecule
(down). (C) Schematic diagram of the PNP structure in the circuit, where the arrows denote the directions of the dipole moment.

Figure 2. Construction of single-molecule devices. (A) Schematic diagram of the PNP-type single-molecule junction. (B) Current−voltage
characteristics of the AM and NM devices at 5 K. (C) Schematic diagram of opposite diodes (up) and the energy band diagram for the PNP
junction (down).
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characteristics, temperature-dependent charge transport inves-
tigations were conducted.

■ RESULTS AND DISCUSSION
Based on molecular engineering design, the PNP-type
molecule based on azulene with a ∼1.05 D dipole moment
was synthesized, which has an energy band structure similar to
that of PNP bipolar junctions (Figure 1). Specifically, the
designed azulene molecule (AM) possesses two back-to-back
azulene units with opposite dipole directions to form a PNP
structure.34 Through theoretical calculations, it was confirmed
that AM possesses obvious charge separation. As shown in the
calculated electrostatic potential, the inherent dipole moment
on both sides is ∼1.7 D (Figure 1A,B). The calculated
electrostatic potential suggests that due to charge separation,
the seven-membered ring of azulene becomes more positive
and the five-membered ring becomes more negative. Similar to
the charge distribution of the PN junction, the seven-
membered ring is considered the N-region, while the other
side is considered the P-region. The centrally locked diphenyl
unit shows N-type characteristics due to its conjugation with
two seven-membered rings. Therefore, the whole system offers
a PNP-type single-molecule junction. As a control system, the
naphthalene molecule (NM) containing two naphthalene units
shows almost average charge distribution, and there is no net
dipole moment along the molecular skeleton (Figure 1B). By
comparing these two molecular systems, the influence of
opposite dipole moments on charge transport of single-
molecule devices could be explored.

To study the charge transport mechanism, the single PNP-
type molecule and control molecule were connected into the
circuit (Figures 2A, S1, and S3). Specifically, through a dashed-

line lithographic technology, graphene point electrode pairs
with carboxyl end caps were fabricated using electron-beam
lithography and plasma etching through a polymethylmetha-
crylate (PMMA) mask (Figure S2).35 The AM and NM
molecules with amino terminals were connected with the
graphene point electrode pairs to form single-molecule
junctions, respectively. The details of AM and NM syntheses
and corresponding device fabrication are provided in Section 1
of the Supporting Information. The current−voltage (I−V)
characteristics of the devices show that both molecules are
successfully connected (Figure S4). The AM-based single-
molecule junction (AM-SMJ) shows a lower conductance than
the NM-based single-molecule junction (NM-SMJ) (Figure
S4), especially at lower temperatures (Figure 2B). At the same
time, when the temperature is low, the AM-SMJ has a higher
turn-on voltage of ∼0.3 V at both negative and positive sides,
which indicates the bidirectional rectification properties at the
negative and positive voltages, respectively. The bidirectional
rectification means the rectification for both sides of PN
junctions in the PNP structure due to the existence of potential
barriers. It should be noted that the inherent two back-to-back
rectifications in the molecule bring symmetry to the entire
structure, resulting in symmetric I−V curves in Figure 2B. The
decreased conductance and the extra turn-on voltage of the
AM-SMJ can be well explained by the existence of double
barriers generated by opposite double dipole moments. The
double barriers are exerted along the molecule through the
double dipole moments, which is similar to two diodes
arranged in reverse (Figure 2C, up). These double barriers
induced by the PNP structure suppress charge transport and
generate extra turn-on voltage for activating charge transport,
which reflects the regulation of single-molecule energy band

Figure 3. Temperature-dependent charge transport characteristics. (A, D) Temperature-dependent I−V curves for AM and NM, respectively. The
insets show the corresponding structures of SMJs. (B, E) Plots of ln(ID) vs VD

0.5 at different temperatures for AM and NM, respectively. (C, F)
Plots of the slope of ln(ID)−VD

0.5 vs 1/T for AM and NM, respectively. The insets show the schematic diagram of barrier models at different
temperatures.
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engineering. Interestingly, when electron carriers reversely
transport through two diodes, the turn-on voltage corresponds
to the reverse breakdown voltage. The turn-on voltage on both
sides requires two diodes to be connected in opposite
directions. The special double dipoles not only bring the
double barriers but also modulate the energy band structure
(Figure 2C, down). That is to say, different chemical
environments along the molecule could generate charge
distribution and band bending within the molecule.

The intrinsic charge transport properties of single-molecule
devices can be defined from the temperature-dependent
current−voltage (I−V) characteristics. The linearity or non-
linearity of I−V curves may originate from the nature of
molecules, such as the energy level of the dominant orbital and
the molecular polarity. The current increases monotonously
with temperature (Figure 3A,D), which implies a thermally
activated transport mechanism. In the relatively high-temper-
ature regime, the thermally activated conductance mechanisms
for single-molecule junctions mainly include thermionic
emission and hopping conductance. On the basis of the
temperature-dependent I−V curves, the ln(I/V) is nonlinearly
related to 1/T (Figure S5), and thus, the hopping mechanism
is excluded.36,37 In contrast, the linear characteristics of plots
ln(I) vs V0.5 (Figure 3B,E) and the slope of (ln(I) vs V0.5) vs 1/
T (Figure 3C,F) indicate the thermionic emission mecha-
nism.38 In the relatively low-temperature regime, the depend-
ence of charge transfer on temperature is weak, which indicates
that the mechanism transitions from thermal emission to
tunneling.39,40

For the AM-SMJ, an obvious inflection point at ∼10 K was
observed from the slope of (ln(I) vs V0.5) vs 1/T (Figure 3C),
indicating that the charge transport mechanism has changed.
In the high-temperature regime (>10 K), the transport
characteristics of the PNP-type single-molecule junction fit
well with the thermionic emission mechanism.41 According to
the simple rigid band model, it suggests that in the process of
charge transport, thermally excited electrons are injected from
the electrode into the single molecule.41 In the low-
temperature regime (<10 K), the energy of the electron is
not enough to cross the barrier, so tunneling is the dominating
transition mechanism. As for the NM-SMJ, it presents the
situation of the original molecule without intramolecular
dipole moment. The inflection point for the NM-SMJ from
thermionic emission to tunneling is ∼140 K (Figure 3F),
which is similar to the traditional system,36,39 but much higher
than that of the dipolar system. For the AM system, based on
the aromaticity of Hückel′s rule, charge separation between
seven- and five-membered rings forms the intramolecular
dipole. The energy required for dipole formation is ∼1 meV
(see Section 6.2 in the Supporting Information for details),
which is consistent with the thermal energy of ∼10 K. This
indicates that the transition temperature of AM is related to
the dipole moment, which is much lower than the traditional
case.42 It is worth noting that three repetitive experiments
showed consistent results of the transition temperature
differences between AM and NM (Figures S6−S9).

Based on the simple rigid band model, the influence of
dipole on the thermal emission barrier of the molecular
junction is further analyzed. In the high-temperature regime

Figure 4. Energy-level-related transport mechanisms. (A) Thermal emission barrier of AM and NM. (B) Calculated molecular energy levels and
related molecular orbital diagrams (HOMO and LUMO) of AM and NM. ECB is the work function of graphene. (C) Plots of ln(I/V2) vs 1/V of
AM and NM. The insets show the corresponding charge transport model. (D) Zero-bias voltage transmission spectra of AM and NM. The p-
HOMO and p-LUMO are marked with downward and upward triangles, respectively. The gray dashed line represents the Fermi level of graphene.
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mentioned above, the I−V characteristics dominated by
thermal emission can be explained by the Richardson−
Schottky (RS) model. Specifically, electron carriers cross the
potential barrier according to the thermionic emission
mechanism, which can be modeled by the RS equation38

I AT
q q

kT
exp

qV
d2 4 0=

i

k

jjjjjjjjjjj

y

{

zzzzzzzzzzz

where A is the effective Richardson constant, ε0 and ε are
dielectric constants, q is the electron charge, d is the gap size
between graphene electrodes, and Φ is the height of the
thermal emission barrier.

It can be observed that the calculated thermal emission
barrier of AM is about several hundred meV lower than that of
NM (Figure 4A), and the slope is lower as well, which means
that the dipole suppresses the barrier increase with the increase
in temperature. The barrier analysis is also carried out
according to the macroscopic PNP junction model (Figure
S13), which is consistent with the barrier of thermal
emission.43 In addition, the thermal emission model shows a
similar temperature-dependent trend (Figure 4A) with the
macrosimulation (see Section 6.1 in the Supporting
Information for details). The potential barrier increases with
the increase in temperature, which can be attributed to the fact
that the increase in temperature excites more electrons from
the P-region to the N-region, thereby increasing the potential
barrier of the energy band diagram.

As discussed above, the barrier height of the dipole-induced
PNP system is lower than that of the control nondipolar
system. The back-to-back dipole moment in AM could affect
the barrier height. Here, the barrier generated by a single
dipole in the PNP junction is theoretically analyzed, which has
a dipole moment of ∼1.7 D. The repulsive energy for the
carrier is equal to the potential energy of the electron in the
direction of the electrical dipole moment, and the electrical
potential energy can be defined as44

V k P
r2| | =

where V is the electrical potential, k is the electrostatic
constant, P is the dipole moment, and r is the distance between
the dipole and the charge carrier injection site (∼0.5 nm).
Based on the above assumptions, the estimated extra electrical
potential energy is about several hundred meV (see Section 6.3
in the Supporting Information for details), which matches the
effect of the dipole moment on the height of the thermal
emission barrier for AM. In addition, it is worth noting that the
turn-on voltage (∼300 mV) for the AM junction at low
temperatures is the same as that of the dipole-induced barrier,
indicating that the dipole plays a key role in charge transport.

The thermal emission barrier is generally reflected in the
offset between the Fermi energy level of the electrode and the
energy level of the adjacent conducting-dominated molecular
orbital. The Fermi energy level of graphene electrodes is at
∼−4.6 eV, and the energy levels for HOMO of AM and NM
are at ∼−4.88 and ∼−4.96 eV, respectively. The difference
between them roughly corresponds to the potential barrier.
According to the simple rigid band mode, the tunneling
process can be analyzed by Fowler−Nordheim (F-N) plots of
the I−V characteristics.39 As described in Figure 4C, the

logarithmic dependence of ln(I/V2) vs 1/V represents the
direct tunneling in the low-bias regime, while in the high-bias
regime, the linear dependence of the negative slope exhibits the
F-N tunneling regime. The inflection points (Vtrans) at ∼0.22
and ∼0.33 V can be obtained for AM and NM, respectively,
which match the calculated molecular orbital diagrams of
Figure 4B. A more rigorous charge transport model is based on
resonant tunneling, which indicates that with the increase in
bias voltage, the conducting molecular orbital enters the bias
window, that is, from nonresonant tunneling to resonant
tunneling, and the corresponding current increases significantly
at the transition voltage. As shown in Figure 4D, since the
HOMO of the molecule is closer to the Fermi level of the
electrode (0 eV), the perturbed highest occupied molecular
orbitals (p-HOMOs) of AM/NM dominate charge transport.
The p-HOMO peak of AM is easier to access the bias window,
which means that the corresponding inflection point appears at
a smaller bias voltage. The results show that the dipole
moment can regulate molecular orbitals and the corresponding
energy bands. However, since the transmission spectrum of
AM is lower than that of NM, especially for p-HOMO near the
Fermi level, the conductance of AM is lower than that of NM,
which is consistent with I−V curves shown in Figures 2 and 3.

■ CONCLUSIONS
In summary, a PNP-type single-molecule junction is
constructed based on the back-to-back dipolar AM to simulate
the energy band structure of macroscopic PNP junctions. At
low temperatures, the bidirectional rectification properties are
realized, which is consistent with the characteristics of the
macrosystem. The internal dipole moment in the single-
molecule PNP structure is found to effectively reduce the
transport barrier and the transition temperature from
thermionic emission to tunneling. Therefore, the single-
molecule device can be used as an effective tool to study the
charge transport characteristics of the PNP molecules. By
controlling the inner charge distribution of the molecule,
single-molecule PNP junctions can overcome important
bottlenecks in the miniaturization of traditional semiconduct-
ing PNP junctions, such as the short channel effect and the
drain-induced barrier-lowering effect, which are key to
expanding Moore′s law and promoting practical molecular
electronics.
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