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A B S T R A C T

We report electron transport measurements through a metal-molecule-metal junction of free base or zinc por-
phyrin molecules. Junctions are formed by zig-zag electromigration of a gold nanowire. Inelastic electron
tunneling spectroscopy measurements were performed at 4.3 K to confirm the presence of molecules in the
junction and to measure the vibrational modes of the molecular junction. Temperature dependent current/
voltage measurements are performed in order to determine that the electron conduction mechanism through
these molecular junctions is direct tunneling. The electron attenuation coefficient (β0) was also calculated; the
average β0 for free base and zinc porphyrin was 0.231 ± 0.133 Å−1 and 0.188 ± 0.049 Å−1, respectively. The
barrier height was experimentally found to be 1.6 eV and 1.1 eV for FBP and Zn-P SAMs on Au, respectively.

1. Introduction

As electronic circuits become smaller, quantum effects, such as
tunneling, resulting from sub-10 nm features become evident and these
effects may lead to degradation of device performance. In order to
counteract this, one approach is to use molecular electronic devices to
mimic the characteristics of existing circuit components. By under-
standing the electron transport characteristics of molecules, there is
potential to develop electronic devices such as molecular switches [1],
transistors [2], and memory devices [3].

Porphyrin molecules are potential candidates for use in molecular
electronics. Their most prevalent application is dye sensitized solar cells
due to their high power conversion efficiency [4]. Additionally, thin
crystalline films of porphyrin have been used as a replacement for a p-
type semiconductor in organic field effect transistors [5]. Single-mole-
cule studies on porphyrin have shown that they posses electronic
properties that exhibit high and low conductance states [6]. These
conductance states may be related to different interactions, including
bias voltage, molecule-electrode interface, intrinsic properties of the
molecule, or conformational changes in the molecule [7,8]. In this
study, the conduction mechanisms of free base and zinc porphyrin
molecules are investigated by temperature dependent electron trans-
port measurements. The electron attenuation coefficient is calculated
for these molecules, including the barrier height of a self-assembled
monolayer (SAM) of porphyrin on gold.

1.1. Conduction mechanisms

When a metal-molecule-metal junction is formed, Simmons’ model
may be modified in order to accurately describe the electron transport.
The following equations were derived by Simmons to represent tun-
neling current density through metal-oxide-metal junctions, assuming a
square barrier [9]:
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In the case of the molecular junction, the electrons are no longer
tunneling through an insulator, but can conduct through the lowest
unoccupied molecular orbital (LUMO). This allows for a greater
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tunneling probability, and hence a greater conductivity.
When <V eΦ /B , Eq. (1) can be simplified by performing a Taylor

expansion about =V 0 [10], to give a current/voltage (I/V) relationship
as:
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where β0 is the electron attenuation coefficient
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and the fitting parameter, α, is introduced in order to account for the
shape of the orbital and the effective mass of the electron. With this
simplification, the I/V curve through a molecular junction approx-
imates a linear relationship. This mechanism is also known as direct
tunneling. In experimental data, while the overall I/V trend is linear, it
may also vary in shape and strength due to the orientation of the mo-
lecule's attachment [11], and the strength of the molecule-electrode
tunneling [12].

When >V eΦ /B , Eq. (2) is no longer valid because there is more than
one molecular state available for electron tunneling [13]. Instead Eq.
(1) can be simplified to describe the behavior at the high voltage limit.
By inspecting the two exponential terms in Eq. (1), for sufficiently high
voltage, the first term is substantially larger than the second, allowing
the second term to be neglected. This mechanism is also known as
Fowler-Nordheim tunneling. The I/V relationship is represented as:
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Thermionic emission describes the conduction of electrons caused
by the presence of heat. When a metal has sufficient voltage applied to
it, the heat can excite the electrons and cause current flow. The I/V
behavior is described by:
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This conduction mechanism is also referred to as Schottky emission.
It is unlikely that current flow through the molecule is due to ther-
mionic emission at low temperatures, but it is possible for it to be ob-
served near room temperature.

Hopping conduction, a form of sequential tunneling, describes the
case of conduction through areas of localized charge density [14,15]
and the I/V relationship is described as:
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where n indicates the number of dimensions. Hopping conduction is of
particular interest in porphyrin molecules because their electronic
structure has discrete areas of charge density [16]. Other forms of se-
quential tunneling include the Kondo Effect and Coulomb Blockade.
The characteristic behavior of the Kondo effect is a conductance peak
centered around 0 V and the magnitude of the conductance decreases
with increasing temperature [17,18]. The characteristic behavior of the
Coloumb blockade is a complete suppression of tunneling current near
0 V, and the value of conductance will vary in the presence of a gate
voltage [18,19].

2. Experiment

2.1. Formation of molecular junctions

For this experiment, molecular junctions (MJs) are created by
electromigration of a nanowire that was exposed to porphyrin mole-
cules. Electromigration occurs when a current density of approximately
1012 A/m2 for gold is present in a metal wire [20]. In this process,
electrons traveling through this wire will displace the nuclei in the
lattice via a transfer of momentum that result in a 3–5 nm nanogap.
This often occurs at a defect site in the lattice and is aided by Joule
heating in the wire [21,22]. The intact wires are 50×30 nm in size and
consist of 30/2 nm of Au/Ti.

Each sample was cleaned using UV/ozone treatment for 3min in
order to remove any organic residue from the gold. One drop (0.05 mL)
of 10 μM porphyrin in ethanol is allowed to dry on the nanowire before
electromigration is performed. Ethanol was chosen as the solvent de-
spite low solubility because other organic solvents, such as di-
chloromethane, have been shown to cause degradation of the thiol
bond over time [23]. While the goal is to create single molecule junc-
tions, there can be several molecules in any orientation, and the number
of molecules that actually bridge the gap may change for each mea-
surement.

In order to have more control over the size of the gap, a zig-zag
electromigration approach was used [24]. Instead of simply increasing
the current density to cause an abrupt break in the wire, the zig-zag
technique increases the voltage while monitoring the conductance of
the wire. When the conductance drops by a specified amount (2% of the
maximum conductance), the voltage applied to the wire is decreased by
10mV and then the voltage ramp is resumed. This will allow for a more
gradual break of the wire, facilitating the formation of the MJ. Elec-
tromigration was performed at room temperature and high vacuum
(10−4 Torr) using a Keithley 2400 Sourcemeter controlled by LabView
software. A typical electromigration curve and scanning electron mi-
croscope (SEM) images of the nanowire and gap are shown in Fig. 1.
SEM was performed with a Carl Zeiss Supra SEM at Rensselaer's Micro
and Nano Fabrication Cleanroom (MNCR).

3. Results and discussion

3.1. IETS measurements

Inelastic electron tunneling spectroscopy (IETS) was performed on

Fig. 1. Typical zig-zag electromigration curve showing both the current and
conductance. (1 Simen=1A/V= −Ω 1). Inset Top: SEM image of a nanowire
before electromigration. Inset Bottom: SEM image of a 5 nm gap created by
electromigration.
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molecular junctions containing one of two different porphyrin analogs.
The first was 5,15-di[4-(S-acetylthio)phenyl)] 10, 20-diphenylporph-
ine (FBP). The second was Zn(II) 5,15-di[4-(S-acetylthio) phenyl)] 10,
20-diphenylporphine (Zn-P), which has the same structure as FBP, but

contains a zinc ion in the center of the porphine ring. The structures of
these molecules are shown in Fig. 2. The porphyrins were purchased as
a powder from Frontier Scientific; FBP CN T10099, Zn-P CN D10050.
These molecules were chosen such that the only difference in the
electronic properties of the junction arise from the influence of the
metal ion. However, factors, such as the gap geometry and number of
molecules in the junction, will also influence the electronic properties
of the junction.

The electron transport properties and IETS of the MJs were mea-
sured at 4.3 K using a Janis closed-cycle helium vacuum cryostat. The
electronics needed to perform IETS, include a SRS DS360 function
generator, two SRS SR830 lock-in amplifiers, a SRS SR570 preamplifier,
a Nanonis SA4 signal adder, a National Instruments data acquisition
board, and two Keithley 2100 digital multimeters. The electronics are
controlled via a LabView code, which simultaneously measures I/V, dI/
dV, and d2I/dV2.

Each IETS measurement consists of a bias voltage ramp from 0 V →
+0.2 V→ -0.2 V→ 0 V. This voltage ramp is repeated to ensure that the
behavior near zero could be studied without any erroneous data points
caused by the electronics at the initial and final data points. IETS
measurements for each of these samples were taken multiple times in
order to study the lifetime of the MJ. It was found that as long as no
additional electromigration occurs (which may happen if the bias vol-
tage increases beyond 0.2 V), the MJ was stable until the temperature of
the sample was returned to room temperature. Raw IETS data was
smoothed using a 5 point adjacent averaging program in MATLAB.
Typical IETS curves collected for FBP and Zn-P are shown in Fig. 3.
Smoothed IETS data was imported into OriginPro 2017 and the peaks
were identified using a peak finding program in OriginPro. The peak
positions for four measurements per sample were averaged and the
standard deviation was calculated. A list of vibrational mode energies
for these two devices and two additional devices can be found in the
supporting information. The peak positions in both voltage and IETS
signal strength are plotted in Fig. 4. The error bars indicate the standard
deviation. A low standard deviation indicates that the position of the
peaks is consistent throughout the experiments. The general trend ob-
served in these measurements is that for the peaks closest to zero bias
voltage, the standard deviation is small in the voltage (indicating the
consistency of the energy of the vibrational mode), and is larger in the
IETS signal (indicating that the amplitude is more inconsistent). Also, in
the peaks furthest from zero bias voltage, the bias voltage standard
deviation is larger while the IETS signal standard deviation is small.

IETS modes arise from both the molecule and the molecule-elec-
trode coupling. The modes identified were compared to modes of si-
milar porphyrin molecules found in literature. Vibrational modes that
arise in the voltage range less than 40mV are generally attributed to
molecule electrode coupling [25,26]. This includes the Au-S vibrational
mode at 225 cm−1 [25–27]. In some cases, these peaks can be asym-
metric. This is due to the asymmetry that arises from electromigration.
It is impossible to determine the orientation, placement, and alignment
of the molecule in the gap, which can result in different amplitudes of
the IETS peak [28]. The phenyl groups attached to the porphine core
have vibrational modes at 890 and 1605 cm−1 [29]. Vibrations present

Fig. 2. Schematics of the porphyrin molecules. Left: 5,15-di[4-(S-acetylthio)
phenyl)] 10, 20-diphenylporphine (FBP). Right: Zn(II) 5,15-di[4-(S-acetylthio)
phenyl)] 10, 20-diphenylporphine (Zn-P).

Fig. 3. Typical IETS curves taken at 4.3 K for the FBP device (black) and the Zn-
P device (blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 4. Normalized peak position plot of the two selected porphyrin molecular
junctions (measured at 4.3 K).

Table 1
List of vibrational modes expected for the porphyrin molecules.

Vibrational Mode Expected Energy Range (cm−1) Refs.

Coupling 0–325 [25,26]
Au-S 225 [25–27]
Deformation 390, 640 [29]
β-H 797 [32–34]
Pyrrole FBP: 966, Zn-P: 999 [32–34]
Phenyl 890, 1605 [29]
CHN 1010–1618 [29–31]
Zn-P specific 530–580
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from 1000 to 1618 cm−1 are due to vibrations of the porphyrin ring
involving the CeC, CeN, and CeH bonds. Finally, the vibrations due to
deformation of the porphine ring are observed at the 390 and 640 cm−1

[29–31]. By performing Fourier transform infrared spectroscopy
(FTIR), additional vibrational modes were identified (see supporting
information). The β-hydrogen deformation was observed at 797 cm−1

in both FBP and Zn-P. The in-plane breathing of the pyrrole was ob-
served at 966 cm−1 for FBP and 999 cm−1 for Zn-P [32–34]. These two
modes identified from FTIR were only observed in a few IETS mea-
surements. For the IETS of Zn-P, three of six samples have a peak in the
530-580 cm−1 range that has not been identified. It is possible that this
peak is caused by a deformation of the porphyrin ring specific to the Zn-
P molecule. Table 1 lists each of the following expected vibrational
modes for FBP and Zn-P.

3.2. Temperature dependant current-voltage measurements

In order to determine the conduction mechanisms of these por-
phyrin molecules, I/V measurements were also collected at a range of
temperatures from 4.3 to 100 K. From Fig. 5, there is little to no tem-
perature dependence for these I/V curves. This suggests that the con-
duction mechanism through these MJs is either direct or Fowler-
Nordheim tunneling. For direct tunneling, the current should be nearly
proportional to the voltage. For Fowler-Nordheim tunneling, ln(I/V2)
should be proportional to 1/V. From Fig. 6, Fowler-Nordheim tunneling
is not observed.

In order to determine if the conduction mechanism for the MJs is
thermionic emission, two plots were generated. Fig. 7 shows V vs ln
(I), while Fig. 8 plots 1/T vs ln(I/T2). None of these plots show a linear
relationship, hence thermionic emission can conclusively be ruled out

Fig. 5. Current/voltage (I/V) curves taken for the FBP device (Left) and the Zn-P device (Right) for a range of 4.3–100 K.

Fig. 6. Plot of 1/V vs ln(I/V2) for the FBP device (Left) and the Zn-P device (Right). A linear relationship would indicate that Fowler-Nordheim tunneling is the
conduction mechanism.

Fig. 7. Plot of V vs ln(I) for the FBP device (Left) and the Zn-P device (Right). A linear relationship would indicate that thermionic emission is the conduction
mechanism.
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as the conduction mechanism.
In order to determine if the conduction mechanism for the MJs is

hopping conduction, Fig. 9 shows 1/T vs ln(I/V). Neither of these plots
show a linear relationship, hence 0-dimensional hopping conduction
can be ruled out as the conduction mechanism. Similar plots were
generated for 1-dimensional and 3-dimensional hopping conduction,

but a linear relationship was not observed (see supplementary in-
formation). In order to determine if the Kondo effect is observed in
these measurements, the dI/dV which were collected simultaneously
with I/V and IETS can be analyzed. The presence of a conductance peak
centered at 0 V is the first indication that the Kondo effect is occurring,
however, as shown in Fig. 10, the conductance is at a minimum at 0 V
for low temperatures. For every FBP and Zn-P experiment, no con-
ductance peaks were observed, ruling out the Kondo effect. In order to
investigate if the Coulomb blockade was present in these events, a gate
voltage was applied to the back of the sample using the methods out-
lined in Ref. [35]. Measurements while applying a gate voltage from
−1 to 1 V were performed for FBP and Zn-P at both 4.3 and 300 K. In
each measurement, there was no gate voltage dependence, indicating

Fig. 8. Plot of 1/T vs ln(I/T2) for the FBP device (Left) and the Zn-P device (Right). A linear relationship would indicate that thermionic emission is the conduction
mechanism.

Fig. 9. Plot of 1/T vs ln(I/V) for the FBP device (Left) and the Zn-P device (Right). A linear relationship would indicate that 0-dimensional hopping conduction is the
conduction mechanism.

Fig. 10. Plot of dI/dV for the low temperature range 4.3–30 K for the Zn-P
device. The presence of a conductance peak at 0 V would indicate that the
Kondo effect occurs in these measurements.

Table 2
Calculation of the electron attenuation coefficient β0 for all porphyrin samples
that exhibited IETS peaks at 4.3 K and linear I/V behavior.

Sample
Slope at 4.3 K ( −Ω 1) Area from Ibreak (nm2) β0 (Å−1)

WE52-FBP 2.04×10−4 6.79×103 0.194
WE78-FBP 4.71×10−6 6.33×103 0.384
WG1-3-FBP 1.12×10−5 1.03×102 0.116
Average FBP 0.231±0.113
WE23-Zn-P 3.61×10−4 3.83×103 0.125
WE63-Zn-P 4.69×10−5 6.77×103 0.272
WE69-Zn-P 3.07×10−4 5.54×103 0.159
WE71-Zn-P 2.79×10−4 4.44×103 0.151
WE75-Zn-P 8.85×10−5 3.56×103 0.204
WE81-Zn-P 8.40×10−5 4.19×103 0.216
Average Zn-P 0.188±0.049

T. Esposito et al. Organic Electronics 63 (2018) 58–64

62



that the Coulomb blockade was not observed. Furthermore, the Cou-
lomb effect cannot be observed for these devices even at temperatures
as low as 4.3 K. This was determined by calculating the capacitance
created between the gate electrode and the gap. Using this value, the
charging energy of the system can be found, however, it is not larger
than the thermal energy of the system k TB [19].

From this data, the electron conduction mechanism is identified as
tunneling for both porphyrin molecules. This is due to a lack of tem-
perature dependence and nearly linear I/V curves. From the I/V data
collected at 4.3 K, a linear fit was performed using OriginPro and
compared to Eq. (3). The slope of this line will be equal to:

−A e
π s

β exp β s
8 ℏ

[ ].
2

2 0 0 (9)

This nonlinear equation can be solved in order to determine the
possibilities for β0. The length of the molecules (2.3 nm) was used for s.
Area (A), is calculated using the electromigration curve. The maximum
current achieved in the electromigration process is defined as Ibreak.
Durkan et al. show that the current density needed to achieve electro-
migration occurs at [20].

= =J I
A

A m10 / .break
break 12 2

(10)

The list of values for the calculated area and β0 can be found in
Table 2. Since direct tunneling is independent of temperature, β0 can be
calculated for every molecular junction studied. The average β0 for FBP
and Zn-P was 0.231Å−1 and 0.188Å−1, respectively. These values are
lower than values for β0 found for alkanethiol molecules: 0.8Å−1 [10].
However, these values are larger than those reported for oligo-por-
phyrin molecular chains: 0.04Å−1 [16,36].

4. Conclusion

In this paper, the electron transport of porphyrin molecular junc-
tions is explored using temperature dependent current-voltage mea-
surements and inelastic electron tunneling spectroscopy. Temperature
dependent I/V measurements were performed in order to determine
that the electron conduction mechanism of the porphyrins is direct
tunneling, and the corresponding electron attenuation coefficient. For
FBP, the average value of β0 for three devices was determined to be
0.231 ± 0.113Å−1. For Zn-P, values of β0 for six devices were de-
termined to be 0.188 ± 0.049Å−1. While the two values for β0 are fairly
consistent, the average attenuation coefficient for FBP is slightly higher.
This may indicate that the metal ion in the center of the porphyrin
assists the flow of electrons through the molecule. IETS peaks at 4.3 K
are identified in order to determine the vibrational modes of the por-
phyrin in the molecular junction, and verify that the molecule was
coupled to the gold electrodes, forming a molecular junction. The
electron transport measurements of these porphyrin molecular junc-
tions exhibit a relatively low electron attenuation coefficient that makes
porphyrins potential candidates for molecular interconnects.
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