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Abstract

We observed a negative differential resistance (NDR) along with single-electron tunneling (SET) in the electron transport of electromigrated
break junctions with metal-free tetraphenylporphyrin (H,BSTBPP) at a temperature of 11 K. The NDR strongly depended on the applied gate
voltages, and appeared only in the electron tunneling region of the Coulomb diamond. We could explain the mechanism of this new type of
electron transport by a model assuming a molecular Coulomb island and local density of states of the source and the drain electrodes.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Electron transport mechanisms in a nanoscale molecular
junction, that is a single or a few molecules contacted by
electrodes, has been widely investigated, because of their
potential applications in nanometer-scale electronic systems
[1,2]. In recent years, remarkable findings of these studies were
made in observation of electron transport in single-molecule
transistors (SMTs), which is a single-molecule in the middle of a
nanogap electrode with a back gate structure, fabricated using an
electromigration method [3—5]. Many groups have been reported
that the electron transport in the SMTs is strongly affected by
discrete energy states formed in the molecular system, as a result
of the molecule in the junctions worked as a Coulomb island.

However, molecular deposition at nanogap electrodes of the
SMTs is a random process and the mechanisms have not been
fully clarified. Lack of a method for molecular deposition
causes intrinsic difficulties in understanding electron transport
properties in this system, because the electron transport in the
molecular junction is very sensitive to atomic scale structural
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differences and surroundings of the molecule [6]. In addition,
impurities such as unintended Au nano particles formed in the
nanogaps acting like molecules in the SMTs were recently
reported [7,8]. These facts suggest that the properties of the
electromigrated break junction itself have not been fully
understood.

We have been investigating the functions of porphyrin
molecules as a nanoscale electronic element in multilayer
tunneling junctions and nano-gap electrodes, and have shown
that the molecules could work as a Coulomb island of these
junctions [9,10]. In the present study, we report a new type of
the electron transport property, i.e., the coexistence of single-
electron tunneling (SET) and negative differential resistance
(NDR), occurred in the electromigrated break junctions with
5,15-bis(3,5-di-t-butylphenyl)-10,20-bis(4-mercaptophenyl)
porphyrin (H,BSTBPP) at 11 K. We explained the mechanism
of the electron transport in the junction by a model assuming a
molecular Coulomb island and a local density of states (LDOS)
of the source and the drain electrodes.

2. Experimental

Fig. la shows the sample structure and the experimental
setup. An Au continuous lead (length: 150 nm, width: 80 nm,
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Fig. 1. (a) Schematic illustration of the sample structure and the experimental
setup. (b) Chemical structure of H,BAcSTBPP and H,BSTBPP. (c) Typical
conductance curve of the junction during the electromigration process. The inset
shows a scanning electron micrograph of the junction after the breaking
procedure.

thickness: 15 nm) and the pad electrodes with 2 nm thick Ti
adherent layer were fabricated on a doped Si substrate with
50 nm thick SiO, using a combination of electron beam and
photo lithography and a liftoff process.

Fig. 1b shows the chemical structure of H,BSTBPP and its
acetyl protected form (H,BAcSTBPP). The acetyl protected
thiol group prevents the molecule from forming S—S linkage in
a solution phase. We prepared a 0.5 mM solution of H,
BACSTBPP in tetrahydrofuran (THF), and deprotected the
molecule by adding 10 pL of NH4OH to 4 mL of the solution
10 min before the self-assembly of H,BSTBPP [11]. The
substrate, after being cleaned with acetone, ethanol, and oxygen
plasma, was immersed in the resulting solution at room
temperature for 18 h. After the H,BSTBPP assembled, the
substrates were rinsed with THF and ethanol and finally N,
blow-dried. These molecular deposition procedures were
performed in oxygen-free conditions.

The samples were then transferred to a low temperature
vacuum probe station. The electromigration process to form a
break junction in the Au lead was performed at room
temperature. Fig. 1c¢ shows a typical conductance curve during
the electromigration process. A ramp bias voltage was applied
to the Au lead at a rate of 20 mV/s until the current dropped as a
result of forming the break junction. The inset of Fig. 1¢ shows
a scanning electron micrograph of the typical electromigrated
break junction. We could obtain nanogap electrodes with a very
narrow gap width, e.g., <5 nm. The details of the electro-

migration process have been reported in elsewhere [10,12]. The
sample was then cooled to 11 K, and the current—voltage (/-Vp)
curves were measured within the bias | V'p| <1 Vas a function of
gate voltage (V).

3. Results and discussion
3.1. Statistics of the device fabrication

We measured the /-7 curves of 141 junctions with H,
BSTBPP and of 168 junctions with no molecules as a control
experiment. Here, the control samples were prepared by just
immersing bare-junctions in pure THF. The magnitude of the
current observed in the junctions with no molecules tends to be
lower than that of the junctions with H,BSTBPP. We found the
current lower than 1 pA at Vp=1 V in 82 junctions with H,
BSTBPP (58.1%), and in 133 junctions with no molecules
(81.6%). In these insulating junctions, we can assume that the
gap width was too large for the electron tunneling and no
conductive materials existed in the middle of the nanogaps. The
difference in the occurrence rate of the insulating junctions
suggests that the conductance of the electromigrated break
junctions was increased by the presence of H,BSTBPP.

On the other hand, the microscopic differences in the
structure of the nanogaps, ¢.g., morphology of the electrode
surface, molecule/electrode contact, molecular order, and so on,
cause a variety of /-V curves of the junctions. We previously
reported typical /—J curves and their occurrence rate observed
in the electromigrated break junctions with and without
molecules [12].

In this study, we found the /-Vp curves indicating a direct
tunneling between the nanogap electrode in 29 junctions with
H,BSTBPP (20.5%), and in 13 junctions with no molecules
(8.0%), respectively. The electron transport mechanism in most
of these junctions was attributed to the Fowler—Nordheim
tunneling [12]. The /-Vp curves with a staircase behavior were
observed in 30 junctions with H,BSTBPP (21.3%), and the
electron transport in 2 of these junctions could attribute to the
SET from their V5 dependence. In other words, these 2
junctions, a candidate of the SMT, showed a Coulomb diamond
in the dZ/dVp plot vs. Vg and Vp (the differential conductance
map). On the other hand, no gate-dependent /-Vp curves were
found in the junctions with no molecules, although 17 junctions
(10.4%) showed a staircase behavior. While the Coulomb
diamond was observed in a few junctions, we were able to
obtain data suggesting a successful fabrication of SMT. The
data show a new type of electron transport in the electro-
migrated break junctions, i.e., the gate-dependent NDR along
with SET.

3.2. Gate-dependent NDR

We firstly show the gate-dependent NDR without SET
observed in the junction with H,BSTBPP. Fig. 2a is the
differential conductance map. The NDR regions are indicated
by broken lines. Fig. 2b shows the IV curves at Vg=—1.5,
—3.0, and —4.5 V. One can see that the NDR appears at both
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Fig. 2. (a) Differential conductance map of the H,BSTBPP junction. The gate-
dependent NDR is shown. The conductance range is from —0.05 nS (black) to
0.5 nS (white). White broken lines indicate the NDR regions. V'p occurring the
NDR shifts proportionally as a function of V. (b) Selected /-Vp, curves of the
junction at Vg=—1.5, =3.0, and —4.5 V. The arrows indicate the positions of
NDR. For clarify, the curves are shifted vertically.

positive and negative bias, and the bias voltages occurring the
NDR proportionally shift as a function of V5. Many researchers
have found molecular contributions to NDR in atomic scale
tunneling junctions using a scanning tunneling microscope [ 13—
15], in molecular junctions using a nanometer-scale device [16],
and in electromigrated break junctions [17]. Although various
mechanisms of the NDR have been proposed, taking into
account the V' and Vg dependence and the asymmetric /-Vp
curves, the one that appeared in our experiment is most likely to
electron transport involving discrete states in the electronic
structure.

We propose a model to explain a possible mechanism of the
gate-dependent NDR (Fig. 3). The model is consisting of a
source electrode (S), an LDOS of the source (s-LDOS), an
LDOS of the drain (d-LDOS), a drain electrode (D), and a gate
electrode (not appeared in the illustrations). The model assumes
that the s-LDOS and d-LDOS are caused by adsorbates. The
adsorbates should have a capacitive coupling with the source or
drain, and gate electrodes. Although the origin of the adsorbates
causing the LDOSs have not been identified, H,BSTBPP is a
possible candidate in our junctions. Some molecules in the air,
such as H,O or O,, are also likely to be the origin of the
adsorbate, because a similar type of the gate-dependent NDR in
the electromigrated break junctions with no molecules have
been reported by the other research group [17].

Fig. 3 represent schematic energy diagrams of the junction.
The applied Vg proportionally shift the potential of the LDOS
due to a finite capacitance formed between the adsorbate and
the gate electrode (see top schematics in Fig. 3). Thus the Vp
giving the NDR also depends on the Vg (middle and bottom
schematics in Fig. 3). Here, the top schematics of Fig. 3 are
the energy diagram at Jp=0 V, and middle and bottom
schematics are the one appearing the current peak at positive
Vp, and at negative Vp, respectively. As shown in these
figures, the both peaks appeared at positive and negative Vp
shift with a same slope by applying Vs. The model can
reasonably explain the characteristics of the gate-dependent
NDR shown in Fig. 2.

3.3. Negative differential resistance along with SET

Fig. 4a is a differential conductance map of the junction
showing the NDR along with SET. A corresponding map of the
conductance features is also shown for clarification. A Coulomb
diamond due to the SET appears in Fig. 4a, and it is closed at a
voltage V=4.6 V. The dI/dVp —V; plots at V=0 V is shown
in Fig. 4b for clarification. One can see the conductance peak of
a Coulomb oscillation at V5=4.6 V. A resonance due to
tunneling into an excited state with energy about 40 meV above
the ground states of the Coulomb island is indicated by an arrow
in Fig. 4a.

The excited state appeared in Fig. 4a may be due to the
molecular vibrational mode of H,BSTBPP [3,18]. Measure-
ments of resonance Raman spectra of metal-free tetraphenyl-
porphine (H,-TPP) have indicated that a very strong band exists
at a frequency of 334 cm™ ' (41.4 meV) attributed to the
porphyrin skeletal vibration of H,-TPP [19]. This value agrees
well with that obtained in our experiment. We have not
observed such states in the control samples and in the junctions
with other molecules.

Interestingly, the NDR depending on the V; was observed
along with the Coulomb diamond in the junction (Fig. 4a). The
NDR regions are indicated by broken lines in Fig. 4a, and the /-
Vp curves at Vg=1.5, 3.0, 4.5, and 6.0 V are also shown for
clarification (Fig. 4c). The NDR regions are seen at both the
positive and the negative Vp, and proportionally shift as a
function of V5. However, the slopes of the NDR appeared in
positive and negative Vp region is different, while that is
independent of the bias polarity in Fig. 2a.
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Fig. 3. Schematic energy diagrams of S/s-LDOS/d-LDOS/D junction. The
applied ¥ for (a) is larger than that for (b). Top schematics are the energy
diagram at /',=0 V. Middle and Bottom schematics are the one when the current
peak appears at positive and negative Vp, respectively. One can see the NDR
shift proportionally as a function of V.
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Fig. 4. (a) Differential conductance map of the H,BSTBPP junction (left). The
gate-dependent NDR with SET is shown. The conductance range is from
—0.05 nS (black) to 1 nS (white). A corresponding map of these conductance
features is also shown for clarification (right). (b) dZ/dVp— Vg plots at Vp=0 V.
A peak of Coulomb oscillation appears at V5=4.6 V. (c) Selected /-Vp, curves
of the H,BSTBPP junction at V5=1.5, 3.0, 4.5, and 6.0 V. The arrows indicate
the positions of NDR.

A possible explanation of the multiple different slopes in the
differential conductance map is that a device possessing parallel
multiple current paths with the different sets of capacitances.
However, in Fig. 4a, the NDR appears only in the electron
tunneling region (not appear in the blockaded region), and the
conductance peaks are strongly enhanced in that region. These
mean that the multiple slopes are not independent of each other
and the NDR should occur due to the electron tunneling
involving the Coulomb island. Thus we believe that a series
model rather than a parallel one is better to explain the electron
transport mechanism of the junction. Moreover, we found the
electron transport properties can be well described by using the
model shown in Fig. 3 with assuming a molecular Coulomb
island (Fig. 5).

The model is based on the Coulomb blockade theory in the
molecular system [3,4,20]. The u, shown in Fig. 5a is the
electrochemical potential defined as the additional energy of the
n-th electron to the Coulomb island including the chemical
potential and Coulomb blockade energy. The excited state due
to the molecular vibration is located AE above the w,. The ug
and up correspond to the work functions of the source and the
drain electrode, respectively.

Fig. 5a, b, and c represents the possible energy diagrams of
the junction corresponding to applied gate voltages of 4.6, 6.0,
and 3.2 V in Fig. 4a, respectively. Fig. 5a shows the condition

when the Coulomb diamond is closed. The vibration-assisted
tunneling occurs when both u, and the excited state are located
between ug and up (Fig. 5b bottom). When the peak of s-LDOS
and ug align with p,, increasing the applied Vp clearly causes
NDR (Fig. 5c middle and bottom). Because the potential of s-
LDOS is also varied by applying Vg as the u,, the relative
potential difference of these two states is unlikely to change (see
at Vp=0 V in Fig. 5a, b, and c). This causes the weak Vg
dependence of the NDR, consequently the multiple different
slopes that appeared at positive V' as shown in Fig. 4a. On the
other hand, the NDR that appeared at negative V', depends on
VG almost the same as the slope of Coulomb diamond due to the
strong coupling of the d-LDOS with the drain electrode.

The model can explain the gate-dependent NDR along with
SET appeared in our junction by assuming the molecular
Coulomb island that possessing discrete energy states. In
addition, the mechanism of the multiple different slopes of the
gate-dependent NDR can be also described by this model. We
note here that discrete energy states in the Coulomb island are
required to explain the NDR along with SET. This means that a
molecule rather than the unintended metallic particles formed
during the electromigration process [7,8] is likely to be the
Coulomb island of the junction. We thus believe that the H,
BSTBPP was working as a Coulomb island of the junction.

----- Excited state
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Fig. 5. Schematic energy diagrams of S/s-LDOS/a molecular Coulomb island/d-
LDOS/D junction. (a), (b), and (c) represent the possible energy diagrams
corresponding to applied gate biases Vg of 4.6, 6.0, and 3.2 V in Fig. 2(a),
respectively. Electron transport is allowed when , is located between ug and
up. (a) u, aligns with ug and up (V=0 V), meaning that the Coulomb diamond
is closed. (b) Top schematic is the energy diagram at /=0 V. Bottom schematic
is the one when u, and up aligns with ug and the excited state, respectively.
eVp is equal to the energy of vibrational mode (AE). (c) Top schematic is the
energy diagram at V=0 V. Middle schematic is the one when s-LDOS peak
aligns with u,, and ug. Bottom schematic is the one when NDR is occurring. s-
LDOS contributing to the current is decreasing with increasing Vp.
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4. Conclusion

We have measured the /-Vp curves of 141 electromigrated
break junctions with H,BSTBPP and 168 junctions without
molecules at a temperature of 11 K. We observed a new type of
electron transport, i.e., NDR along with SET, in the junction
with H,BSTBPP. The excited state located 40 meV above the
ground state possibly due to the porphyrin skeletal vibration
was also observed in the junction. The model assuming a
molecular Coulomb island and the LDOS of the source and the
drain electrodes could well describe this new type of electron
transport properties of the junction.
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