Downloaded via UNIV OF MINNESOTA on May 4, 2023 at 19:13:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Controlling Rectification in Metal-Molecules—Metal Junctions
Based on 11-(Ferrocenyl) Undecanethiol: Effects of the Electronic

Coupling Strength
Quyen Van Nguyen*

Cite This: J. Phys. Chem. C 2022, 126, 6405-6412

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: We report an effect of contact materials (Ag, Au,
and Pt) on transport properties of molecular junctions (M]s) based
on self-assembled monolayers of 11-(Ferrocenyl) undecanethiol
(HSC,,Fc). Particularly, we observed that the Fc unit directly
contacting the Ag-coated atomic force microscopy (AFM) tip in
symmetrical MJs, Ag/SC;Fc/Ag, leads to a large rectification
(~150) with a giant electrical current density (~4 X 10* A-cm™)
at a relatively small negative voltage, —1.5 V. We also observed that
the material of the bottom electrode strongly affects the rectified
current density but not the rectification ratio in metal/SC,;Fc/Ag.
Optimizing the material of the bottom electrode, especially the
energy offset barrier ¢,, can produce a large rectification (~170) at
1.5 V with a giant electrical current, 2.4 X 10° A-cm™?, in asymmetrical MJs using the Ag-coated AFM tip. A simplified Landauer
allows us to approximately quantify the electronic coupling strength in symmetrical MJs, I'g.p, ~ 5.2 meV, that is S0 times greater
than Iy, p.. In contrast, the electronic coupling strength at the Fc-Au (or Pt) interface is strong (I'pcp, ~ 120 meV), which leads to a
small rectification and high conductance. The direction of the small rectification in the strong coupling regime (I'pc_ay/p) can be
reversed by controlling the work function of the metal contacts. Overall, our results provide a clear picture of the influence of both
the electronic coupling strength and the energy offset barrier on the transport properties and further prove that the conductive-probe
atomic force microscopy is a useful, versatile tool for determining structure-transport relationships in molecular junctions.

B INTRODUCTION

A molecular diode, metal—molecules—metal junctions (M]Js),
rectifies electrical currents passed through in one bias direction,
while it blocks the current in a reversed bias.' > The
performance of a molecular diode is usually defined by three
main parameters including (i) first, the rectification ratio (RR)
defined by using eq 1, (ii) second, the negative voltage (—V) at
which the RR is taken, and lastly, (iii) the electrical current or the
current density passed through MJs at the studied voltage. If RR
is larger than 1, the molecular diode rectifies the electrical
current at a negative bias (—V), whereas it rectifies at the
reversed bias (+V) when the RR is smaller than 1.

I(-V)
I(+V)

1

In 1974, Ratner and Aviram theoretically proposed that a
molecule in the form of donor—bridge—acceptor could rectify
electrical currents.' Since then, two major approaches have been
applied to look for a practical solid-state molecular diode. The
first one is to design new molecules, for example, single-
component molecules containing a donor”** or an acceptor
group®”* ™ asymmetrically positioned inside the junctions,
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donor—acceptor,'” and push—pull molecules.””** The second
one is to enhance the understanding of the molecule—metal, or
conducting electrode, interaction at both interfaces.'”*73* To
date, the molecular diode has been one of the main objectives in
the field of molecular electronics since it is especially useful in
understanding charge transport through molecular junctions.
In general, both the chemical structure of a molecule and the
electrode—molecule interface at both sides of MJs affect the
electronic structure of MJs and eventually the performance of
the molecular diode. One would expect that by optimizing both
these effects, we could eventually archive the ideal molecular
diode which must possess the giant RR (10° to 10°) at relatively
small V ( e.g,, 1) with a giant electrical current passed through.
However, reported molecular diodes had (apart from a few
exceptions with large values of RR'%1919,22:26) disappointingly
small values of RR < 10 for unclear reasons. Therefore, it is
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important to identify and quantify transport parameters that
impact the performance of molecular diodes. Such studies,
however, are challenging because (i) molecular junctions are
complex physicochemical systems containing not only mole-
cules but also the electronic interaction at both electrode—
molecule and molecule—electrode interfaces and lastly (ii) to
measure the electronic coupling between molecule—electrode
quantitatively or qualitatively is challenging, especially for the
molecule—electrode interface where the second electrode is
needed to complete the MJs.

To overcome these challenges, one common approach is to
systematically design new molecular structures and then study
the transport using the same junction’s configuration,'®'***>*
Another approach is to change the material of the electrodes and
keep using the same molecules. The latter approach potentially
advances our understanding of the transport properties;
however, it is less common since it is especially difficult to
change the material of the top electrodes without damaging the
molecular layer. The latter approach seemly leads to “contra-
diction” because the same molecular layer can behave differently
depending on the material of the electrode. For instance, MJs
based on a 9 nm-thick oligo(bisthienylbenzene) layer with Ti(2
nm)/Au(50 nm) as the top electrode showed a large RR (10°) at
2.7 V."” However, the RR was rapidly decreased 600 times to
approximately 1.3 when the carbon conducting layer was used as
the top electrode.” Nijhuis et al. reported a large RR (RR ~ 10>
at 1.2'V) for self-assembled monolayer (SAM) MJs based on the
11-(Ferrocenyl)undecanethiol (HSC,;Fc) molecule (shown in
Scheme 1) using the EGaln top contact.”'”'>'® However, with

Scheme 1. (A) CP-AFM Setup Where the SAM Substrate is
Grounded and the Voltage is Applied to the AFM Tip and (B)
Typical Simplified Junction Electronic Structure with Metal
Contacts and Potential Energy Level of the HSC11Fc
Molecule Involved in the Transport Process
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the same molecule, Trasobares et al. reported a very small RR
(RR ~ 0.2) at 1.2 V in the reversed direction,'® and others
reported RR ~ 1.**

In this study, we aim at understanding the effect of molecule—
electrode and electrode—molecule electronic coupling strength
on the transport properties and then optimizing the material of
the electrode to obtain the best performance of a molecular
diode. First, we kept using the HSC;,Fc molecule which was
widely studied”'>'®'® and then investigated the charge
transport in SAM MJs by conductive-probe atomic force
microscopy (CP-AFM). Second, our CP-AFM setup illustrated
in Scheme 1A offers two major advantages: (i) it is an easy,
reliable setup to form MJs and study the transport productively;
(ii) it allows us to study the effect of electrodes by changing the
material of the electrode including Ag, Au, and Pt metals on the
transport properties without damaging the SAM molecular
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layer. Indeed, we observed that the Fc unit qualitatively forms a
weak electronic coupling with the Ag metal (I'.. ag ~ 52 meV
estimated from the simplified Landauer model), and it results in
a large RR, and by optimizing the material of the electrodes, in
other words, the electronic coupling at both interfaces, we
observed a large rectification of 170 at 1.5 V with giant electrical
currents, ~ 2.4 X 10% A-cm™2. If the electronic coupling, in the
case of using Au or Pt tips, is strong (I'gc.py ~ 120 meV), the
transport properties are different; particularly, a small
rectification (~$ at 1.5 V) and high conductance are observed,
and interestingly, the direction of the small rectification can be
controlled by the work function of the metal contacts.

B EXPERIMENTAL METHOD

Materials. Pt and Ti metals were purchased from Kamis, Inc.
(Mahopac Falls, NY), and Au nuggets (99.999 purity) and Ag
pellets (99.99 purity) were purchased from Mowrey, Inc. (St.
Paul, MN) and Kurt J. Lesker Co., respectively. Evaporation
boats and Cr evaporation rods were secured from R. D. Mathis
(Long Beach, CA). Si(100) wafers were acquired from
WaferNet (San Jose, CA). AFM tips (DNP-10 Si;N, contact
mode probes) were purchased from Bruker company. 11-
(Ferrocenyl) undecanethiol (HSC,,Fc), 1-decanethiol mole-
cules, and ethyl alcohol (200 Proof) were purchased from
Sigma-Alrich company and Supelco, Inc.

Conducting Tip and Sample Preparation. Fabrication of
Conducting AFM tips:*">*~*” Contact mode AFM probes were
coated with (i) first an adhesion layer, S nm of Cr, and then (ii)
S50 nm of Ag or Au metal by using a homemade thermal
evaporator. The 5 nm Cr adhesion layer was deposited at a rate
0f 0.1 to 0.2 nm/s, while 50 nm metallic films were deposited at a
rate of 0.5 to 1.0 nm/s. For Pt-coated AFM tips, 5 nm Ti as an
adhesion layer and then 20 nm-thick Pt films were e-beam
deposited onto the contact mode AFM probe. Afterward, the
metal-coated AFM tips were immediately transferred without
exposure to air to another glovebox containing the AFM setup
for the transport measurements; the area of MJs based on the
metal—écoated AFM tip was estimated to be approximately 25
nm?.

Template-stripped flat metal substrates”*>™" were em-
ployed to grow high-quality SAMs. For flat Ag (or Au)
substrates, S00 nm of Ag (or Au) metal was first deposited
onto fresh Si(100) wafers by using an e-beam evaporator. For
flat Pt substrates, 300 nm of Pt metal was sputter-coated onto a
fresh Si wafer at a rate of 0.3 nm/s. On top of the Pt film,
subsequent layers of 30 nm of Cr and 200 nm of Au were
deposited. The Au film was used to enhance the yield of flat Pt
substrates. Si chips (~1 cm”) were then glued onto the metal
surface using epoxy (EPOTEK 377, Epoxy Technologies, MA).
The wafer then was cured in an oven at 120 °C for 1 h.

To create SAMs, the ultra-smooth substrates peeled off were
immersed in an ethanol solution of 3 mM 11-(Ferrocenyl)
undecanethiol in the absence of light and oxygen. After 3 h, the
SAM samples were rinsed with the ethanol solvent, then dried in
a stream of N, gas, and immediately transferred to the AFM
glovebox for the transport measurement.'**

X-ray Photoemission and Ultraviolet Photoemission
Spectroscopy. The chemical composition of the SAMs on
different metals was characterized by X-ray photoemission
spectroscopy (XPS) (details in section S1 in the Supporting
Information). The XPS measurements were performed by using
a PHI Versa Probe III XPS system (ULVAC-PHI) using a
monochromatized Al-K X-ray source (1486.6 eV). The base
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Figure 1. (A) Fe,, High-resolution spectra of the HSC,;Fc SAMs on metal substrates. (B) UPS spectra of the SAMs on the Pt substrate show the
threshold binding energy (Eyomo) at 0.75 eV with respect to the Fermi level (E;), and the inset shows the secondary cutoff energy with S V applied.
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Figure 2. (A) Current—voltage characteristic of Ag-HSC,,Fc-Ag MJs with standard deviation and (B) corresponding histogram of the RR taken at

-15V.

pressure was 5.0 X 107® Pa. During XPS measurement, the
pressure was approximately 1.0 X 107® Pa. The samples were
mounted on an XPS sample holder by using a double-sided
carbon adhesive tape and then grounded by using a metal spring
clip on the holder. The X-ray spot size (diameter) was 100 um,
and the source power was 25 W at 15 kV. The high-resolution
Cyy Sy Auyg and Fe,, spectra were then collected over several
positions. The binding energy scales were referenced to the Auy
peak (84.0 V). The highest occupied molecular orbital
(HOMO)—Fermi level offset of the SAMs on metals was
measured by ultraviolet photoemission spectroscopy (UPS) in
the same instrument (section S2 in the Supporting Informa-
tion).

Transport Measurements. CP-AFM-based molecular
junctions were fabricated by using an AFM setup (Multimode
8, Bruker). All transport measurements were carried out in an
Ar-filled glovebox (MBraun) at ambient temperature. At first,
the metal-coated AFM tips were brought into “soft” contact with
the SAM layer by applying 1 nN force onto the AFM tip (details
in section S3, Supporting Information). Then, the SAM samples
were grounded, while voltages (V) were applied to the tip by
using a Keithley model 236 electrometer operated in the sweep
mode. Voltage was swept in +1.5 V for the junctions. During the
transport measurement, the metal-coated AFM tips are usually
tested on the SAM samples of the 1-decanethiol molecule.

B RESULTS AND DISCUSSION

We prepared a SAM of the HSC,;Fc molecule on various
metallic substrates (Ag, Au, and Pt) following the procedure
reported previously. To avoid the oxidation of the Ag substrate,
The SAM solution was performed in a glovebox filled with N,
(oxygen level below 0.1 ppm).'®** The SAM layers were then
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characterized by XPS and UPS (details in Sections S1 and S2 in
the Supporting Information). The Fe 2p high-resolution spectra
of the SAMs on various metals are presented in Figure 1A. The
spectra show prominent features at 707.8 and 721 eV, which are
associated with the Fe 2p;/, and Fe 2p, , doublet, respectively.
The spin—orbit splitting is approximately 13.2 eV which is
consistent with the previous reports.'“**

Figure 1B presents the UPS spectra around the Fermi edge of
the Pt/SC,,Fc sample and the secondary electron cutoff (an
inset). UPS spectra of SAMs on Ag and Au substrates are shown
in Figure S2 and Table S1 in the Supporting Information. As
seen in Figure 1B, there is a feature peaked at —1.5 eV which can
be assigned to the property of the ferrocene unit. The energy
offset between the HOMO level and the Fermi level was
estimated at —0.75 eV by using the established standard
protocol as indicated in Figure 1B.>”*”*" The energy offset
decreased from —0.75 eV (for Pt) to —0.85 eV (for Au) and
—1.04 eV for Ag as expected, while all the modified electrodes
had a similar work function as shown in Table S1 caused by the
interface dipole.

To investigate the transport properties of MJs based on
HSC11Fc, we employed the CP-AFM platform, as illustrated in
Scheme 1A (details in section S3 in the Supporting
Information). Briefly, HSC;;Fc molecules formed the SAM
layer on an ultrasmooth metallic substrate, named the bottom
electrode, and then, the metal-coated probe tip, named the top
electrode, was brought into “soft” contact (1 nN) with the SAM
layer forming a complete metal—molecule—metal junction. Our
junction designations include the molecule used to form the
SAM layer and the material of electrode contacts. For example,
Au-HSC, Fc—Ag MJs indicate the SAM layer made of HSC,Fc
molecules, while Au and Ag metals were the bottom and top
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Figure 3. (A) Current—voltage Characteristic of (A) Au-SC11Fc-Au MJs and (B) Pt-SC11Fc-Pt MJs with standard deviation. The histogram of the
RR of (C) Au-SC11Fc-Au MJs and (D) Pt-SC11Fc-Pt MJs taken at —1.5 V.

A 2 -— B ———
—— PYSC11-FC/Ag ] S PUSCH1-FO/AG -
0 ] [ |AusC11-FC/Ag ]
- w1 ]
i 1 2] ]
€ o A 1
8 40 ] S ] ]
5 ] ]
° M 1 ]
-60 s. o i 1 ]
@ he ] ]
-80 | ] ) ]
45 10 -05 00 05 10 15 05 00 05 10 15 20 25 3.0
Tip Bias (V) Log RR at -1.5V

¢ 40 ' ' " ' ! D ] T T T —]
] \ 7/ AgISC11-FC/Au ]
30+ 1 I XY Ag/SC11-FC/Pt
he ] I [ |AWSC11-FC/Pt ]
- 1 | - ]
< 201 i 1 [ PUSCI1-FCO/AU
= < ] I ]
& 10 3] I 1
5 1 I ]
3 ] | ]
0 1 ‘ ]
] ] ]
-10 —=— Ag/SC11-Fc/Pt A ] | ]

00 05

Tip Bias (V)

05 10

0.0 0.5 1.0

Log RR at -1.5V

Figure 4. (A) Current—voltage characteristic of Pt-SC11Fc-Ag MJs with standard deviation and (B) corresponding histogram of the RR for the MJs
that used Ag as the AFM conductive tip taken at —1.5 V. (C) Current—voltage characteristic of Ag-SC11Fc-Pt MJs with standard deviation and (D)

corresponding histogram of the RR.

electrode, respectively. Voltage was then swept at the tip, while
the substrate was grounded, the current—voltage (IV) character-
istics were then acquired, and 500—1000 I-V traces were
recorded for each sample at several locations. We note that the
metal—molecule interface (or the bottom interface) in our MJs
is assigned to the metal—S bonding, whereas the molecule—
metal interface (or the top interface) means the interaction
between the Fc unit and CP-AFM tip.

Figure 2A presents the resulting electrical current—voltage
(IV) characteristics of symmetrical Ag-SC;;Fc—Ag MJs. As
shown, Ag-SC,,Fc—Ag MJs did not conduct at a low bias, the
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electrical current at voltage close to 0 V was out of our limitation
detection (~10 Gohm), and, however, at a higher potential
window, the electrical current was rectified at a negative bias,
and the electrical current was ~10 nA at —1.5 V, corresponding
to 4 X 10* A-cm™* (the assumed area of the CP-AFM junction is
~ approximately 25 nm?). The histogram of the RR taken at
—1.5 V was peaked at 150 as shown in Figure 2B which is
relatively large for symmetrical MJs. The large rectification is
consistent with the report made by Nijhuis et al.”'>'¢
EGaln liquid conductive contact was used as the top electrode.
We notice here that in our MJs, the junction is symmetrical with

where the
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Ag metals at both the bottom and top electrodes. To our
knowledge, it is the first report on the large rectification (~150
with a giant current density, 4 X 10*A-cm ™2 atlow voltage, —1.5
V) for symmetrical, solid-state, and single-component MJs.

Figure 3A,B presents the current—voltage characteristic of Au-
SC,,Fc-Auand Pt-SC,;Fc-Pt MJs, respectively. The correspond-
ing histogram of the RR taken at —1.5 V is shown in Figure
3C,D. It is interesting that MJs using Au or Pt metal slightly
rectify the current at a negative bias (similar rectification
direction as MJs with Ag contacts), and the RR is relatively small
(peaked at six for Au contacts and two for Pt contacts in the
histogram). Importantly, we observed that the conductivity of
MJs using Au or Pt metals is higher than that using Ag metal. For
example, at negative bias, the current of MJs using Pt metal is
slightly higher than using Au and 8 times higher than using Ag
metals; however, at positive bias, the difference is up to 100
times. Such big differences in the conductivity and RR could hint
at a change in the transport mechanism at first glance.

We next examine the transport properties in asymmetrical
MJs formed by altering the material of the AFM tip and
substrate. First, we systematically studied the MJs by using the
same Ag tip and only varying the material of the substrate; in
other words, we kept using the same top interface while
modifying the bottom interface. Figure 4A presents the I-V
characteristic of Pt-SC,,Fc-Ag MJs and the corresponding RR in
Figure 4B. At first, we observed that the large rectification was
retained for these MJs, and the material of the substrate had little
effect on the RR (from 150 for Ag and Au to 170 for the Pt
substrate). Interestingly, Pt (or Au)-SC;,Fc-Ag MJs electrically
conducted better than Ag-SC, Fc-Ag MJs, for example, the
current at —1.5 V for Pt-SC; Fc-Ag MJs was 60 nA,
corresponding to 2.4 X 10° A-cm™* which is almost six times
greater than that for Ag-SC, Fc-Ag MJs. At first, we could first
exclude the effect of the substrate work function on transport
properties since all the modified electrodes have a similar work
function. Van Dyck et al.*' theoretically predicted that the built-
in potential forming inside MJs could induce a rectification
which was also observed by Clement et al. ;'8 however, the RR in
our MJs using the Ag tip was large and almost independent on
the bottom contact; as a result, we could also neglect the effect of
the built-in potential on the transport properties. Then, it is
reasonable to assign the transport behavior to the energy offset
estimated by UPS which strongly depends on the metal
substrate. It is again proven that the transport mechanism
operating in the MJs is dominated by the frontier energy level of
the ferrocene unit, not by the interfacial state, metal-S bonding,
or the dipole formed at the bottom interface.

To further exploit the role of the electrode, we then performed
the transport measurement on asymmetrical MJs where the
work function of the AFM tip is greater than that of the
substrate, or in other words, WATM=Tip _ yySubstrate o () (gee
Figure S3 in the Supporting Information). Figure 4C presents
the I-V characteristic of Ag-SC,Fc-Pt M]Js, and the
corresponding histogram of the RR is shown in Figure 4D.
Ag-SC,,Fc-Pt (or Au) MJs apparently conducted the current
greater than Ag-SC; Fc-Ag MJs. For example, the electrical
current passed through Ag-SC, Fc--Pt MJs at 1.2 V was 20 nA
which is approximately 100 times higher than that passed
through Ag-SC,,Fc-Ag MJs. Equally important, these junctions
only showed a small RR (RR ~ 0.2 at 1.2 V) as shown in Figure
4D, and the rectification direction is opposite to that of
symmetrical MJs using Ag, Au, or Pt metal. We notice that the
reversed direction associated with a high conductance and small
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RR was also observed by Trasobares et al. where WA TP —
wubstrate 0 1% which was assigned to the built-in potential
formed inside MJs. Figure 4D also presents the RR of
asymmetrical MJs where the work function of the AFM tip is
now higher than that of the substrate, WAFM=TiP — yySubstrate o ¢
Generally speaking, these junctions showed a high conductance
and small RR, and the current was rectified at positive bias,
similar to the symmetrical MJs. The direction of the small RR
can be easily reversed by only reversing the material used for the
substrate and the AFM tip, which could be assigned to the built-
in potential formed in MJs."**" For example, Pt— SC,;Fc-Au
MJs rectified the current at a negative voltage, whereas Au—
SC,Fc-Pt MJs rectified the current at a positive voltage as
shown in Figure 4D.

To summarize, we have proven the transport properties of
MJs including that rectification and conductance depend
strongly on the materials of the metal contact, in other words,
the electronic coupling strength at the metal—molecule and
molecule—metal interface and the frontier orbital level align-
ment in MJs. Ferrocene—Ag interaction at the top interface,
between the Ag AFM tip and the ferrocene unit, led to an RR
(150 at —1.5 V) with huge electrical current density (up to 4 X
10* A-cm™?). Optimizing the material of the bottom electrode
resulted in a larger rectification, RR ~ 170 at 1.5 V, with a giant
current density (~2.4 X 10° A-cm™?) for Pt— SC,,Fc—Ag MJs.
However, when the ferrocene was directly in contact with Au or
Pt AFM tips, a small RR (~5) and high conductance were
observed. The direction of the small RR (<5) can be reversed by
changing the work function of the metal contact. The small
rectification and the reversed rectification direction in asym-
metrical MJs could be expected due to several reasons including
the dipole moment, asymmetrical molecule, a different
interfacial coupling of molecules at the two end electrodes, the
built-in potential formed in MJs, and the work function of the
contacts.

The main question is to understand why the transport
properties are strongly dependent on the material of the contact
and can we approximately quantify the transport parameters in
the symmetrical M]Js, metal-molecules—metal. First, as
depicted in Scheme 1A, there are two possible energy levels
that could get involved in the transport process. The first one is
located at metal-S bonding at the bottom interface, and another
one is positioned at the ferrocene—metal interface, the top
interface. We can eliminate the former because of the following
reasons. First of all, the estimated energy offset barrier as shown
in Figure 1B and S2 (in the Supporting Information) (0.75 eV
for the Pt substrate) is approximately 0.25 eV lower than the
energy offset barrier generated by metal-S bonding at the
bottom interface (1 eV for the Pt substrate);*" the same data
were observed for Ag and Au electrodes.*’ Second, the transport
properties strongly depend on the top interface where the
ferrocene unit is directly in contact with the AFM tip.

At the bottom interface, we reasonably assume that the Fc unit
is decoupled with the bottom metal by the alkyl C,, chain; in
other words, the electronic coupling between the metal-Fc unit
(Tpure) is very weak, and in average, its strength can be
considered equally as I'y;(ay)-pc ~ 0.1 meV in alkane monothiol
MJs.”"*" We note here that the actual electronic coupling
strength, I'yjeq,.po maybe slightly smaller than 0.1 meV due to
the longer length of the HSC,,Fc molecule.

When the ferrocene unit is directly in contact with Au or Pt
metal at the top interface, we assume the interaction would
qualitatively form a strong electronic coupling 'z, s, (py) at the
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top interface. The assumption was based on the following
evidence: (i) first of all, the high conductance observed in our
transport measurement and (ii) the strong electronic interaction
between ferrocene and the Pt or Au substrate.”” Indeed,
Aragones et al. reported highly efficient coherent tunneling in
single-molecule wires of oli§oferrocenes with the 80% of the
conductance quantum G,.'”~* They assigned the highly
efficient coherent tunneling to the direct Fc-electrode strong
coupling (I'g.s, ~ 120 meV) and a very low barrier for electron
tunneling. In this case, the frontier orbital level of the Fc unit
strongly hybridizes with the metal contact (I'g._, ~120 meV)
which enables the delocalized electronic system of the
organometallic unit, Fc, to be extended to the metal electrode.
We note that the I'g_,, ~ 120 meV is 1000 times greater than
Iyure ~ 0.1 meV; then, it is reasonable to assume that the
voltage will mostly drop at the bottom interface with the weaker
coupling strength, which means that the potential of the bottom
electrode can move freely while biasing;13 as a result, a high
conductance and a small RR is expected to be observed in MJs
using Au or Pt contacts.

In contrast, the Fc unit would form a weaker electronic
coupling with the Ag tip, in comparison with the Fc—Au (Pt)
interaction, which was supported by a weak electronic
interaction between the ferrocene molecule and Ag sub-
strates.”*” The charge transport through MJs can be modeled
using a single-level model proposed by Larade and Bratkovsky.”
This model as shown in the inset of Figure S and assumes that

Current (nA)

: —o— Ag/SC11-FC/Ag 1
45 40 -05 00 05 10 15
Tip Bias (V)

Figure 5. Onset voltage, V.., was estimated by extrapolating the -V’
characteristic of symmetrical Ag/SC;;Fc/Ag MJs at a negative voltage
regime, corresponding to a weak electronic coupling at the substrate,
(T's), and a stronger electronic coupling, 'y, at the Ag tip. The inset
presented a single-level model assuming that the transport is dominated
by a single molecular level of the Fc unit.

the transport is dominated by a single molecular level of the Fc
unit. In this case, the Fc unit is coupled to the substrate and the
tip through the tunneling rate I'g and I'y, respectively, which
describe the strength of the electronic coupling between the
molecules with the substrate and the AFM tip. The ¢, level
corresponds to the energy barrier between the highest occupied
molecular level or HOMO of the Fc unit and the Fermi level of
the Ag contacts.

4T
[E—¢,(V)I + T

T(E, V) = o

We next attempt to approximately quantify the electronic
coupling strength of the Fc—Ag interaction based on a simple
model proposed by Sherif et al.'* In the spirit of the Landauer
formalism, the transport is controlled by the energy- and voltage-
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dependent transmission [T(E,V)] that is expressed as eq 2.
Here, I = [’ + I'; and &,(V) is the level position that is shifted
with bias as ,(V) = ¢, + (eV/2)[(T's — I't)/T"]. This bias
dependence takes into account a large portion of the voltage that
must drop at the interface with the weaker coupling, the bottom
interface in our MJs. When I' > I', the onset of the current will
occur at eV, = &l/I'r, and then, the electronic coupling
between the molecule and AFM tip could be quantified if the
onset voltage, Vosery 18 known. We now estimated the onset
voltage, V.. = —1.06 V, by extrapolating the I—V characteristic
of MJs using the Ag tip at a negative voltage regime as shown in
Figure 5, and from the onset voltage, we were able to calculate
the electronic coupling between the Fc and Ag tip which is
approximately I'g.s; ~ 5.2 meV, almost SO times greater than
the electronic coupling between the Ag and Fc unit, I'y, . ~ 0.1
meV.

By using the simplified model, we were able to approximately
quantify the transport parameters in symmetrical MJs based
SC,,Fc using the Ag conductive AFM tip. We observed that
when the electronic coupling strength (I'y. Ag) is approximately
S meV MJs, SO times greater than 'y p,, it leads to a large
rectification with giant current density, whereas the strong
electronic coupling (I'g..z, ~ 120 meV), 1000 times greater than
that of the bottom interface, and a very low barrier lead to both a
small rectification and a change in the transport mechanism.

B CONCLUSIONS

In summary, we have demonstrated the effect of the electrode
material on the transport properties including rectification and
conductance in MJs based on the HSC,;Fc molecule. The
electronic coupling strength at the Fc-metal interface plays an
important role in the transport properties, especially rectifica-
tion. In particular, the Fc-Ag top interface led to a large
rectification (RR ~ 170) with a giant electrical current density (2
X 10° A-cm™) at a relatively low voltage, —1.5 V. Using the
simplified model based on Landauer theory, we were able to
approximately quantify the electronic coupling strength, I'r. 5,
~ 5.2 meV, which is almost S0 times larger than I'g. 5, ~ 0.1
meV. In this case, the material of the bottom electrode strongly
affects the rectified current density which was increased almost
10 times from 4 X 10* A-cm ™ for the Ag substrate to 2.4 X 10° A-
cm™? for the Pt substrate, while the RR was slightly increased,
from 150 for Ag to 170 for Pt. In contrast, the electronic
coupling at the Fc-Au (or Pt) interface was strong (I'gc.a, ~ 120
meV), which led to a small rectification and high conductance, a
signature of a change in the transport mechanism. The direction
of the small rectification in the strong coupling regime (I'p_4,)
can be reversed by controlling the work function of the metal
contacts.

In addition, we also proved that CP-AFM-based MJs offer
several advantages such as simple, fast, and reproducible
junction formation; soft contact without damaging the
molecular layer; and flexible change of the metal contact that
enables rational design approaches to understand the interface
effect on the transport properties.
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