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Molecular Signature and Activationless Transport in
Cobalt-Terpyridine-Based Molecular Junctions

Quyen van Nguyen, Ushula Tefashe, Pascal Martin,* Maria Luisa Della Rocca,
Frederic Lafolet, Philippe Lafarge, Richard L. McCreery, and Jean-Christophe Lacroix*

Cobalt terpyridine oligomers are compared with 7-conjugated and ruthenium-
centered layers in molecular junctions (M)s) with identical contacts. A wide
range of layer thickness is investigated, and attenuation plots are obtained.
Strong dependence of charge transport on molecular layers is found with a
variation of four orders of magnitude of current density (J) for different mole-
cules and d =7 nm. For a Ru(bpy); complex and bis-thienylbenzene Mjs, the
attenuation plot shows two different regions corresponding to two different
dominant transport mechanisms. On the contrary Co(tpy), and viologen-
based MJs show no transition thickness in the attenuation plot, indicating a
possible change of mechanism with film thickness, and very low attenuation
factors (B of 0.17 and 0.25 nm™' from 2 to 14 nm, respectively). These fvalues
indicate highly efficient long-range transport. This is attributed to the fact that
the energy levels of the frontier orbital involved in transport are between, and
thus almost in resonance with, the Fermi levels of the electrodes. Temper-
ature-dependence measurements suggest that field ionization followed by
multistep hopping and redox events can occur above 100 K, while the activa-

1. Introduction

In molecular junctions (M]s), several
types of molecules have been investigated,
including purely organic compounds,i=
proteins,’! and more recently complex clus-
ters based on siliconl® or germanium,”
as well as organometallic compounds and
inorganic complexes.t1®1 Usually, in the
tunneling regime, the rate of charge trans-
port depends very much on the length of
the organic molecule, and the values of the
attenuation factor, S, for saturated molecules
are from 5 to 10 nm™! whereas f3 values are
in between 2 and 3 nm™! for mconjugated
molecules."?>"] A few exceptions have
been found; for instance, nearly length-
independent conductance is observed in
polyporphyrin  molecular wires,®  por-
phyrin nanorods,’ and extended viologen

tionless region at low T indicates incoherent tunneling between redox sites

with reorganization concerted with charge transfer.
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molecules,?” and there is no exponential
length dependence of conductance reported
for iodide-terminal oligothiophene single-
molecule tunneling junctions./?!

In addition to organics, organometallic compounds and inor-
ganic complexes are multifunctional molecules with many inter-
esting electrochemical and photophysical properties that can be
used in MJs to add new functionalities, such as light emission,®!
photovoltaic effect,”® conductance switchingl” for resistive
memory,?224 and Coulomb blockade.””! In 2003, using a cross-
wire tunnel junction, Shashidhar and co-workers first showed that
the conductance of MJs incorporating a platinum(II) complex was
higher than that of oligo(phenylene ethylene) (OPE) MJs.2¢ Since
then the conductance of other organometallic-based MJs has been
investigated by several techniques, such as scanning tunneling
microscope break junction (STM-BJ),?! conductive probe atomic
force microscope (CP-AFM),[*28 Hg liquid drop,?” and mechani-
cally controlled break junction (MCBJ).! For example, using
CP-AFM, Frisbie and co-workers found the first evidence that
the S value of an organometallic (platinum(II))-based junction is
much smaller (8= 0.9 nm™) than that of an organic-based junc-
tion in the same range of thickness."?8l Small 3 values were also
found in metal-centered MJs containing porphyrin units.3%31
Rampi and co-workers also reported that the S values of metal-
centered MJs are much smaller than those of organic compounds
and showed that they depend on the identity of the metal ion.*’!
An important result from this group is that 5 for a cobalt complex
is 0.01 nm™! whereas it is 0.28 nm™ for an iron complex.
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Several efforts have been made to compare the conductance
of organic molecular MJs and metal-centered MJs directly and
to establish the relationship between possible redox events in
organometallic compounds or inorganic complexes and their
conductance.®1932-351 However, the change in the conductance
is usually attributed to the difference in the length of the mole-
cule or to the strength of the electronic coupling between the
contact and the molecule. It is rarely related to the redox events
that may occur in such metal-centered MJs despite the fact that
many studies indicate that metal centers enable the molecule
energy level to be tuned relative to the Fermi energy levels of
the electrodes.'"3? For example, Davidson et al. reported that
the conductance of a single complex based on terpyridine is
independent of the redox potential of the metallic core.? We
also note that studies on transport in organometallic and metal-
centered MJs are usually limited to systems where the distance
between the two electrodes is small (below 5 nm) and, conse-
quently, understanding the long-range transport regime (thick-
nesses from 5 to 20 nm) is still a challenge.

The current report is focused on new cobalt-centered MJs and
compares its transport properties to that of ruthenium-centered
MJs and to two aromatic organic MJs lacking a metal center.
Several molecular compounds were synthesized as shown in
Figure 1a and then incorporated between two metallic electrodes.

The cobalt complex, namely [Co(tpy),](PFs); consists of a
cobalt(II) high-spin system at room temperaturel** bonded to two
terpyridine ligands bearing an aniline side group. It has a low
highest occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) gap (see Table S1 in the Supporting
Information for the energy of the HOMO and LUMO of the
used molecules) due to the cobalt-centered HOMO and LUMO
orbitals.[¥” 38 The Ru complex is [Ru(bpy);](PF), which was already
studied in carbon-based MJs and showed robust bipolar light emis-
sion and charge transport.®l Its HOMO is much lower than that
of [Co(tpy),](PF¢),, and its LUMO orbital, centered on the bipyri-
dine ligands, is much higher. The first organic compound exam-
ined here consists of donor molecules, namely bis-thienylbenzene
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(BTB), oligomers with relatively high-energy HOMO. This layer
can be easily p-doped at 0.5-0.6 V versus a saturated calomel elec-
trode (SCE) and switched between an insulating and a conduc-
tive state.?>*! The second nonmetallic molecule is an electron
acceptor, which incorporates a viologen unit namely 1-(4-phenyl)-
1'methyl-4,4"-bipyridinenium bis-hexafluorophosphate (VIOCI),
with low-energy LUMO which can be easily reduced at —0.2 to
0.3 V/SCE."**] The molecular layers are all redox active, and
strongly differ in their frontier orbital energies. MJs for all four
molecules were fabricated by the same process, and all MJs have
identical junction structure and contacts. The layers are deposited
by diazonium cation reduction on Au substrates followed by direct
vapor deposition of a top contact of titanium and Au which is an
established and reproducible procedure for fabricating large-area
devices with high yield.[#43484]

The approach is directed at several questions about transport
in large-area M]Js. First, can cobalt complexes be incorporated
in diazonium-derived MJs with yield and performance compa-
rable to previously studied aromatic molecules or ruthenium
complexes? Second, does transport in the four different systems
fabricated by the same process with identical junction struc-
ture and contacts differ significantly from each other and show
obvious molecular signature? Third, how is transport affected
by the frontier orbitals of the cobalt-based layer in both the tun-
neling regime (thickness, d, less than 5 nm) and over greater
distances? As an exciting result, highly efficient long-range
transport properties were obtained with cobalt-based MJs.

2. Results

The cyclic voltammograms (CVs) of the two complexes in ace-
tonitrile solution are shown in Figure 2a. The CV of Ru(bpy);
in acetonitrile (red curves) exhibits three reversible reduction
waves at —1.3, —1.6, and —1.8 V/SCE which can be attributed to
the reduction of the three bipyridyl ligands.”®>? The irrevers-
ible oxidation peak at 1 V/SCE can be attributed to the oxidation

(b)
28888 pe %

+

Figure 1. a) Chemical structure of the used organic molecules and inorganic complexes. b) Schematic illustration of a molecular junction based on

Co(tpy), molecule.
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Figure 2. a) Cyclic voltammograms (CV) of Ru(bpy)s and Co(tpy); in solution (5.10°* M in acetonitrile (ACN) with 0.1 M tertiobutyl ammonium hexafluoro-
phosphate (TBAPFg) at 0.1V s™' scan rate. b) CV in the negative potential range of Co(tpy), in solution (blue) and grafted on carbon electrode (black) in ACN.
Inset: CV in the positive potential of Co(tpy), in solution (blue) and grafted on carbon electrode (black); in 0.1 M TBAPF¢ ACN solution, scan rate 0.1V s™.

of the NH, group and the reversible peak at 1.25 V/SCE is due
to the oxidation of Ru(Il) to Ru(IIl).5% The CV of Co(tpy),
(blue curves) shows a peak at 0.2 V/SCE which we assign to
the oxidation of Co(Il) to Co(II1).}38 The first reduction peak
at —0.85 V/SCE can be assigned to the reduction of Co(II) into
Co(I) while reduction of the terpyridyl ligand appears at —1.8 V/
SCE.’”38 The main difference between Co(tpy), and Ru(bpy)s is
that the Co(II) core can be oxidized at 0.2 V/SCE and reduced at
—0.85 V/SCE whereas the Ru core in Ru(bpy); oxidizes at 1.25 V/
SCE, but cannot be reduced in the potential range examined.
The inorganic complexes were grafted onto a glassy carbon
or Au substrate by in situ diazonium ion generation and elec-
troreduction, as described previously.#4>l In general, a certain
amount of tert-butyl nitrite (a few equivalents) was added to
the solution of the amino metal complex and then the solution
was incubated for 5 min in an inert atmosphere. The color of
the solution changes during this time indicating the formation
of the diazonium ion. The details of the in situ generation are
provided in Table S2 (Supporting Information). For example,
when 10 equivalents of tert-butyl nitrite were added to Co(tpy),
solution, the red solution became brighter red. Voltammetric
reduction of the diazonium solution (shown in Figures S1 and
S2b in the Supporting Information for Co(tpy), and Ru(bpy)s,

(a) (b)

Co.

2p1/2

respectively) then generates the phenyl radical which bonds
to the surface. The electroactivity of a Co(tpy),-functionalized
carbon electrode is shown in Figure 2b while that of Ru(bpy);
is given in Figure S2b (Supporting Information). The oxidation
peak of Co(II) to Co(III) appears at 0.3 V/SCE, which is slightly
higher than for the amine in solution, and the reduction peak
of Co(II) to Co(I) appears at —0.7 V/SCE, which is slightly less
negative than in solution. These shifts are probably due to the
loss on the amino groups in the grafting process. Overall the
electrochemical HOMO-LUMO gap of the Co(tpy), grafted
layer is close to 1 V and much lower than that of Ru(bpy)s,
which is 2.7 V.

The survey and high-resolution X-ray photoelectron spectros-
copy (XPS) of Co and N for the Co(tpy), layer on an Au sub-
strate are shown in Figure 3a—c. The single well-defined N 1s
peak at 400.1 eV in the high-resolution spectra rules out meas-
urable azo-bridged grafting and is assigned to the aromatic
nitrogen in the terpyridyl ligand.*>>'=3 The photoelectron
spectrum of Co 2p is shown in Figure 3b. The binding ener-
gies of Coypj, and Coypyyyy are observed at 781.2 and 796.6 eV,
respectively, and are separated by a significant spin—orbit split-
ting (AE) of 15.4 eV. These results are in good agreement with
the literature for Co(Il) complexes.’*>! The N/Co, P/F, and
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Figure 3. a) survey XPS of Co(typ)2-functionalized gold electrodes and high-resolution XPS spectra of b) Co 2p and c) N 1s.

Adv. Electron. Mater. 2020, 6, 1901416 1901416

(3 of 1) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

P/Co ratios are 5.8, 5.3, and 1.8, respectively, which are very
close to the theoretical values of 6.0, 6.0, and 2.0, respectively.
This XPS evidence indicates that the Co(tpy), functionalized on
the Au substrate has the expected stoichiometry and includes
negligible formation of azo groups. Importantly, the P/Co ratio
indicates that around two PF; anions are incorporated in the
layer, as depicted in Figure 1b, and confirms that the cobalt
centers are mainly in a +II oxidation state. XPS analysis of the
Ru(bpy); films formed on Au via in situ diazonium generation
was already reported® and confirms that the molecular layers
have the composition and metal center oxidation state corre-
sponding to those expected from the precursor structure.

Next, the diazonium electroreduction was performed on Au
stripes (20 um wide, a few centimeters long, and 45 nm thick)
deposited by e-beam on Si/SiO, wafer. Thickness of the mole-
cular layers was varied by changing the experimental condi-
tions during electrochemical grafting, and AFM measurements
were used to measure the thickness with a previously described
procedure.[?441 We found that the thickness of the Co(tpy),
molecular layer can be changed from 2 to 20 nm by modifying
the electrochemical conditions. Table S3 (Supporting Informa-
tion) lists the electrochemical conditions used for varying the
layer thicknesses examined.

MJs were then fabricated using complementary metal oxide
semiconductor (CMOS)-compatible procedures described pre-
viously##346484] and summarized in Section S2 (Supporting
Information). Several thicknesses of each inorganic complex
layer were electrografted onto Au stripes, and the MJs were
completed by direct vapor deposition of 2 nm of Ti and 45 nm
of Au in a cross-bar geometry. Junction designations include
subscripts indicating layer thicknesses in nanometers, with
all devices using the same bottom and top contact electrodes.
Complete MJs (Au/molecules/Ti/Au) will be designated by the
molecular layers, including subscripts for layer thickness in
nanometers. For example, [Co(tpy),]; ny Mmeans a 7 nm layer of
Co(tpy), electrografted onto a bottom Au electrode (45 nm) fol-
lowed by 2 nm of Ti and 45 nm of Au top contact deposited
directly by e-beam evaporation in vacuum.
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All metal-centered MJs were fabricated in high yield, i.e.,
above 90%, with more than 36 of 40 tested junctions for each
molecular system and each thickness above 5 nm yielding non-
shorted JV curves. Note that the total amount of MJs fabricated
and tested for this study was =1000 (2 samples with 24 MJs
each and 20 tested for each thickness) and also that fabrication
yield of organic-based junction drops to 20% when the layer
thickness is only 2 nm, while fabrication yield remains high
(above 70%) when using 2-3 nm thick layers of complexes.
Since 2-3 nm is close to the length of one molecule of Co(tpy),
or Ru(bpy);, the 2-3 nm devices are true monolayers.

Figure 4a,b compares the average JV curves of the two metal-
centered MJs and the two organic-based MJs with similar thick-
nesses (7-8 nm). They are obtained by averaging the overlays
of JV curves from 20 different MJs with the same thickness for
each system (Ru(bpy);; nm and Co(tpyr), 7 nm). We note that
JV curves are nearly symmetric despite the fact that the elec-
trodes are asymmetric (Au and Ti/Au), with the absolute value
ratio of J (+1 V)/J (-1 V) less than 2.0 in all cases. None of these
metal-centered junctions significantly rectify the current, which
is similar to the results obtained with VIOC1-based MJs*! but
in marked contrast with those obtained with BTB-based M] of
similar thickness and using the same contacts which showed
pronounced rectification properties at 2.7 V.44

An important result is that the conductance of [Co(tpy)s]y nm
is much higher than that of all the other systems. For example,
at 1V the current density for [Co(tpy)aly am (=0.25 A cm™) is
250 times that of [Ru(bpy)sl; ym (0.001 A cm™2), even though the
two compounds share similar coordination spheres. BTB M]J in
this potential range is the least conductive system despite its
structure based on long oligothiophene which favors charge
delocalization while VIOC1, a molecule which incorporates
localized redox centers, is much more conductive than BTB.
These results confirm that for d = 7 nm, a strong molecular
signature on transport is observed with [Co(tpy);]; nm being
the most conductive layers used in this study and a variation
of four orders of magnitude of | for different molecules at 1 V.
Note that the large differences in conductance among the four

(b)
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Figure 4. a) JV overlay of [Co(tpyr),]7 nm (red), VIOCT; ., (black), [Ru(bpy)s]; am (blue), and BTB; ,,, green MJs. b) Same data in In J format.
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Figure 5. JV overlay of several Co(tpy), junctions for a) 2 nm (black) and b) 7 nm (red) thicknesses. c) Comparison of averaged JV curves of Co(tpy),

for various thicknesses. d) Same data in InJ versus applied voltage.

molecules occur over the entire bias range depicted here, i.e.,
11 V. These results stimulated consideration of Co(tpy), layers
in more detail.

Figure 5a,b shows overlays of several JV curves of Co(tpy),
MJs with the thickness noted in the figure (average of 40 dif-
ferent devices is shown for each thickness; see Figure S3 in the
Supporting Information for other thicknesses). The JV curves
of these devices are almost symmetric, and the standard devia-
tions of | (1 V) are only 6% for d = 2 nm (N = 40) and 8% for
d =7 nm (N = 40). An additional [Co(tpy),]; nm JV curve from
40 MJs with error bars is shown in Figure S4 (Supporting Infor-
mation). The small standard deviations of the current clearly
demonstrate that the films are homogeneous, with accept-
ably uniform thicknesses, and that reproducibly of the M]
fabrication process is high. In addition, the current density in
[Co(tpy)alz nm MJs (1.2 A cm™ at 1 V) is just four times that of
[Co(tpy)aly nm (0.25 A cm™2). This observation is very interesting
since for MJs based on 7-conjugated organic compounds in the
tunneling regime, the commonly reported S value of 2 nm™

Adv. Electron. Mater. 2020, 6, 1901416
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should result in a decrease of more than four orders of mag-
nitude if the thickness increases from 2 to 7 nm. Figure 5c
shows an overlay of the average JV curves for six thicknesses of
Co(tpy), (N = 240), with Figure 5d having the same data in In J
versus V format. It clearly shows a weak dependence of current
density on thickness for Co(tpy), MJs. To directly visualize the
effect of the thickness, In J at 1 V versus molecular layer thick-
ness for Co(tpy),, Ru(bpy)s, and BTB is plotted in Figure 6, with
that of VIOCI from previous experiments included for com-
parison.[®l Recall that all MJs in Figure 6 have the same device
structure and represent a total of 1000 MJs. The S values equal
to the slope of the attenuation plot are given for each system
and provide insight into the dominant transport mechanism.
For BTB and Ru(bpy); devices, two distinguishable slopes
are observed in the attenuation plot. BTB M]Js with Au and Ti/
Au contacts have two f values, 1.8 nm™! for thickness from 2
to 5 nm and 0.36 nm™! from 5 to 15 nm. The S value below
5 nm agrees well with those reported for aromatic structures
in both single molecule and “ensemble” MJs, and is generally

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Attenuation plots taken at 1V of MJs for different molecular
units. Bvalue is the slope of the curve and is indicated for each molecule.

attributed to “off-resonance tunneling.”(23°6%2 Above 5 nm, a
smaller  value is measured. Similar results were reported for
BTB MJs fabricated with carbon contacts, where 8 is 2.9 nm™
for thicknesses below 8 nm and 0.8 nm™ for 8-16 nm.’® The
marked difference in the transition thickness and J values of
MJs based on BTB with different contacts may result from
stronger electronic coupling at the carbon interface compared
to the Au/molecule and Ti/molecule used here.

More interestingly, we found that Co(tpy), MJs show unique
electrical properties. First, the current density measured for
Co(tpy), MJs is always higher than that for VIOC1, Ru(bpy)s,
and BTB MJs at a given bias. For instance, the current density
of 13 nm Co(tpy), MJs at 1 V is more than 1000 times that of
12 nm BTB MJs. Second, as shown in Figure 6, we found that
there is no transition point at which we observe a change in .
Moreover, the f value of Co(tpy), MJs is very small (0.17 nm™)
and is weakly bias dependent (Figure S5, Supporting Informa-
tion). This is among the smallest values obtained in large-area
MJs and demonstrates highly efficient long-range transport in
Co(tpy),-based M]Js. Small 3 values have been observed in MJs
based on porphyrin units; for instance, Bruce et al. reported
recently a B value of 0.6 nm™! for conjugated (porphinato)—zinc
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MJs.B3% Note also that Tuccitto et al. were the first ones to report
close to zero fvalue for cobalt-based MJs, whose thickness was
restricted to 40 nm.[>"!

To explore in more detail the transport mechanism in Co(tpy),
MJs, temperature dependence (from 7 to 290 K) of [V behavior
was obtained for several 7 nm Co(tpy), MJs, a thickness above
that of the direct tunneling regime. These MJs are stable during
the cooling or heating process, and several temperature excur-
sions could be performed on a given device. Figure 7a shows
JV curves for a single Co(tpy), junction from 7 to 300 K. The
JV curves are nearly symmetric at all temperatures. Arrhenius
plots derived from these JV curves at two different bias values
(Figure 7b) provide activation barrier energies (E,). The Arrhe-
nius plots of In J versus 1000/T are qualitatively like those
reported previously for BTB with carbon contacts,”® or for
VIOC1 with Au and Ti/Au contacts, with an activated region
between 100 and 300 K, and a nearly activationless region below
100 K.[0! At high temperature, E, is ~80 meV and decreases with
electric field while, below 100 K, E, is less than 1 meV. These
values clearly indicate that at room temperature, an activated
mechanism is involved in the transport process but rules out
several electron transport mechanisms, such as interchain redox
hopping, which have typical E, above 200-300 meV.’%61631 The
small E, below 100 K (<1 meV) indicates that tunneling occurs
and that transport is not only due to classical charge transfer
with reorganization preceding electron transport.

Such a small activation energy is rarely reported for film
thickness above 5 nm, and it is only recently that the activation
energies in BTB,*°% VIOC1,% and fluorene and nitroazoben-
zenel®%] molecular junctions with thicker films were found to
be less than 100 meV. This small activation energy was attributed
to field ionization associated with intrachain transfer for BTB
MJs with carbon contacts,*® and a multistep tunneling mech-
anism controlling electron transfer was proposed for fluorene
MJs.[% Note also that a recent study on self-assembled mono-
layer (SAM)-based large-area MJs proposed a Marcus inver-
sion mechanism with transport being activationless for certain
molecular structures in the range of 250-330 K and activated
when additional aliphatic carbons were inserted in the conduc-
tion path.I®l A recent report on thin MJs described how Marcus
kinetics can become activationless at high bias, depending on
the electronic coupling between molecules and contact.[%’]

o, (b
-2
Eg ~ 68 meV
- 44
N — UL
< -6 °
3
c
S 8{ 1Eg~83mev
-10- - Egq ~0.3 meV
- .
-12-4

0 20 40 60 80 100 120 140
1000/T (K1

Figure 7. a) JV overlay of [Co(tpy),]7 nm MJs at different temperature dependences. b) Arrhenius plot of In J versus 1000/T taken at 0.5 V (blue) and

1V (red).
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3. Discussion

As stated in the “Introduction,” this study addresses several
questions about transport in large-area MJs. First, our results
show that cobalt and ruthenium complexes can be incorporated
in diazonium-derived MJs with yield and performance being
comparable to previously studied organic aromatic molecules.
As an exciting result, using these inorganic complexes, it seems
to be possible to stop the growth of the film deposited by diazo-
nium electroreduction at the monolayer level thanks to the
steric effect of the bipyridine or terpyridine ligands. This is a
clear advantage compared to MJs based on organic diazonium
precursors, where it remains difficult to stop the growth at the
monolayer level. Fabrication yields are also better for metal-
centered devices incorporating 2-3 nm thick layers. Second,
transport in the four different systems, fabricated by the same
process with identical junction structure and contacts, differs
significantly from each other and shows an obvious molecular
signature. Third, in the present study, two groups of molecules
which seem to behave in a similar way can be defined, Co(tpy),
and VIOC1 compared to Ru(bpy); and BTB. Each group con-
tains one organic molecule and one inorganic complex. As a
consequence, there is no clear distinction between metal-
centered and organic-based MJs in both the tunneling regime
(thickness, d, less than 5 nm) and over greater distances.

For BTB and Ru(bpy); MJs, there are two distinguishable
slopes in the attenuation plot, indicating a change in the domi-
nant transport mechanism at a transition thickness, dy.ng. dirans
for BTB is around 5 nm while that of Ru(bpy); MJs is around
3.5 nm. Interestingly, for thicknesses below d,.,, all the points
lie on the same line with the same slope, whatever the mol-
ecule used (Figure 6). These results are consistent with non-
resonant tunneling being the dominant mechanism for thick-
nesses below dy,n..l”’! When the thickness increases, a new
transport mechanism is operative. Above d.,, the [ values of
Ru(bpy); and BTB are close (0.3 and 0.36 nm™, respectively)
and are smaller than those observed for Ru(bpy); and BTB M]Js
using carbon contacts (0.6 and 0.8 nm™, respectively).®>6:68]
BTB-based M]Js’ transport above dy,,; was attributed to field-
induced ionization associated with activationless intrachain
hopping,®® and in Ru(bpy); MJs with eC contact, light emis-
sion was observed when the thickness was above 5 nm, which
was attributed to bipolar transport and redox events.®%8 Above
the transition thicknesses, charge injection into molecular
orbitals or redox events inside the junctions is thus turned on,
and transport is due to electron transfer between redox centers
and involves mainly intrachain hopping. The absence of observ-
able activation at low temperature implies sequential or mul-
tistep tunneling and, possibly, depending on the time scale,
reorganization concerted with charge transfer.>®4 Within this
framework, the smaller transition thicknesses for ruthenium-
based MJs compared to that observed in BTB-based M]Js can
be understood in terms of size of charge carriers in these
materials, which are known to be smaller in Ru-based mixed-
valence compounds compared to oligothiophene polarons.¢%70]
It may also be strongly affected by the large number of coun-
terions in ruthenium-based MJs, which can reduce the ener-
getic threshold needed to turn on charge injection in molecular
orbitals or redox events in the solid state junction.

Adv. Electron. Mater. 2020, 6, 1901416

1901416 (7 of 11)

MATERIALS

www.advelectronicmat.de

In contrast, VIOC1 and Co(tpy), MJs show highly efficient
long-range transport associated with small B values of 0.25 and
0.17 nm™ with no transition between two transport regimes in
the investigated thickness range. On the basis of these obser-
vations, we can state that direct off-resonant tunneling has
a small contribution in VIOC1 and Co(tpy), MJs and is not
the dominant transport mechanism in these MJs at all inves-
tigated thicknesses (3-14 nm). Direct tunneling may only
apply below 3 nm for VIOC1 M]Js. Several examples in the
literature have reported highly efficient long-range transport
with small B values. Kolivogka et al. reported that in single-
molecule MJs based on extended viologen compounds, the
value is 0.06 nm™! for thicknesses from 2 to 11 nm, which they
attributed to phase-coherent tunneling.?!l A low S of 0.4 nm™},
associated with a strong dependence on temperature (E, above
300 K between 80 and 220 meV) has also been reported for
porphyrin oligomers.[””7 Despite this activation energy, usu-
ally indicating transport by activated hopping, the observed
temperature and length dependence were also shown to be con-
sistent with phase-coherent tunneling.[”’7! Efficient long-range
transport due to resonant charge transport in single porphyrin
molecular wires!¥ or via proteins was recently reported.”?73!
In the present case, the HOMO level of Co(tpy), is close to the
Fermi level of Au, a situation which clearly favors on-resonant
tunneling and could explain the low f value (in the Simmons
model S depends on the square root of the tunneling barrier,
and by decreasing the gap between the HOMO and the Fermi
level of the contacts decreases f§). However, intrachain hop-
ping is also known to give low S values, and ionic species in
Co(tpy),-based MJs may enhance the electron injection rate at
the interfaces and trigger hopping as the dominant mechanism
at unusually low thicknesses.

Two different dominant mechanisms can thus be considered
to explain the highly efficient long-range transport in Co(tpy),
MJs, namely, on-resonant tunneling?®?’71 and intrachain hop-
ping based on redox events.l®) Note that the latter one implies
multistep or sequential tunneling inside the molecular layer at
low T with reorganization concerted with or following electron
transfer. Note also that these two mechanisms are not mutu-
ally exclusive. The values of the activation energy measured for
VIOC1 and Co(tpy), MJs are quite similar (70 meV Co(tpy), and
90 meV for VIOCI above 150 K at 1 V), but transport is acti-
vationless below 150 K in both cases. This suggests near-reso-
nant tunneling as the plausible transport process at low T but
indicates that at room temperature, an activated mechanism is
involved in addition to nonresonant tunneling.

Co(tpy), and VIOC1 MJs thus behave in a very similar way.
They also share a specific feature that makes them different
from BTB and Ru(bpy);. The HOMO energy levels of Co(tpy),
estimated from electrochemical data are very close (—4.8 eV)
but above that of gold (-5.1 eV). The LUMO energy level of
VIOCI1 is also very close (—4.5 eV) but below the Fermi level of
Ti (—4.1 eV). Hence, in both cases the frontier orbital levels of
the molecules involved in transport (in vacuum) are between
the Fermi levels of the two electrodes. This situation is depicted
in Figure 8a for Co(tpy), MJs.

In the M]Js studied, strong electronic coupling at both inter-
faces is expected, and the Co(tpy), HOMOs are significantly
broadened as depicted in Figure 8b. Moreover, at zero bias, the
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Figure 8. Energy diagram of Au/ Co(tpy),/Ti/Au MJs a) in the free state and b) connected in an M] at zero bias. The number of orbital energy levels

in the Co(tpy), layer is arbitrary.

HOMO of Co(tpy), cannot remain between the Fermi levels
of the isolated Au or the Ti electrodes once the M]J is assem-
bled. An electrochemical equilibrium must occur, so that the
Co(tpy), HOMO and the Fermi level of Au are nearly aligned
(Figure 8D, left electrode), which promotes a mixed valence sit-
uation in the MJs even though no bias is applied. A similar sit-
uation occurs in VIOC1 MJs.*®l As a consequence, when a bias
is applied, and independently of its polarization, it is always
favorable to inject holes into the Co(tpy), as there will always be
a specific molecular level of the layer at tunneling distance
(below 5 nm) in resonance with the Fermi level of one elec-
trode, so that there will be a high current density between the
two electrodes with no preferred direction. Furthermore, in this
situation the dominant transport mechanism depends little on
thickness, and intrachain activated hopping and multistep tun-
neling between redox centers can participate at unusually low
thicknesses because of the mixed valence situation”” generated
in the layer at one of the interfaces. This interpretation is sup-
ported by ultraviolet photoelectron spectroscopy (UPS) meas-
urements of the valence band spectra which show (Figure S7,
Supporting Information) a large density of states close to the
Fermi energy of gold with a very small injection barrier (less
than 0.3 eV). It is also supported by the recent work on plas-
monic tunnel junction in which a transition from coherent to
hopping electron transport was evidenced in single-molecule
junction, whose thickness is close to 1 nm when biphenyl was
replaced by viologen moieties. This study enabled the observa-
tion of redox processes in real time at the single molecular level
despite the 1 nm distance between the two electrodes.”

4. Conclusion

To summarize, several important remarks can be made. First,
this study has compared m-conjugate-based and metal-centered
MJs with identical contacts. It clearly shows that both types of
molecules can behave similarly and can withstand high current
densities and efficient long-range transport over distances up to
at least 14 nm.

In particular, Co(tpy), MJs, where the complex consists of
Co(Il) and terpyridinyl ligands, show important properties
including a very low f value of 0.17 nm™, high current density,
and no transition thickness in the attenuation plot expected for
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a change in mechanism with film thickness. This S value is
among the smallest attenuation factor reported to date in large-
area molecular junction and indicates that long-range transport
is highly efficient in Co(tpy), MJs. Note also that VIOC1 MJs
were shown to be quite similar to Co(tpy), MJs with a f value
of 0.25 nm™ despite a lower J, Such properties can be par-
tially attributed to the fact that the HOMO level of Co(tpy), is
between the Fermi level of Au and Ti, and thus almost in reso-
nance with the Fermi level of the electrodes. However, trans-
port in Co(tpy), is clearly activated above 100 K with activation
energies between 80 and 60 meV and decreases with increasing
applied voltage or electric field. This activation energy indicates
that resonant tunneling is not the only transport mechanism in
Co(tpy),-based MJs and suggests that field ionization followed
by multistep hopping possibly involving reorganization occurs.
At high T, activated hopping between Co(tpy), centers with
reorganization preceding electron transfer may occur while
activationless transport for VIOC1 and Co(tpy), at temperature
below 100 K implies that incoherent tunneling between redox
sites occurs with reorganization concerted with or following
charge transfer.

We also found that for BTB and Ru(bpy); in Au/Ti MJs, the
attenuation plots show two different regions corresponding to
two dominant transport mechanisms. Below a transition dis-
tance, dy,,s, nonresonant direct tunneling dominates and both
molecules exhibit very similar conductances and S values. In
other words, in the direct off-resonant tunneling regime, the
conductances of MJs are almost independent of the molecule,
which is in good agreement with previous studies.”*Yl Above
dirans, @ new mechanism is operative and overcomes direct tun-
neling. In this transport regime, the current densities through
the MJs and the value of d.,, show a strong molecular sig-
nature. For example, the transition distance in BTB M]Js is
around 5 nm, while it is only 3.5 nm for Ru(bpy); (and possibly
below 3 nm in VIOC1 M]Js). We propose that this transition is
the onset of incoherent transport by field ionization leading
to multistep tunneling and redox events occurring in the MJs
despite the fact that they are solid-state devices. We also pro-
pose that the difference in d.,, between metal-centered MJs
and 7m-conjugated MJs can be attributed to the size of the redox
sites formed after injecting or removing the charge into or from
the molecules. This transition is not observed with VIOC1 and
Co(tpy),-based MJs because a mixed valence situation occurs
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in these layers as a result of the electrochemical equilibrium at
one of the interfaces which allows intrachain activated hopping
and multistep tunneling between redox centers at unusually
low thicknesses (below 3 nm).

5. Experimental Section

The bottom electrodes were fabricated using a gold stripe substrate
(gold thickness 45 nm on a Ti 2 nm adhesion layer) on SiO,/Si wafers
with a width of 20 um and several millimeters long. They were used for
electrodeposition of the layers and after that an electron beam Ti/gold
top contact was deposited as described in detail previously.[#14346.48:49.73]
Details are also provided in Section S2 (Supporting Information). Each
sample allowed the fabrication of 24 molecular junctions with lateral
dimensions of 20 by 20 um (area: 4 x 1078 cm?). A pressure of 1078 Torr
during Ti deposition was used to reduce oxidation of Ti from the residual
oxygen and water of the vapor deposition systems but since reaction of
Ti with the layers is likely, it was anticipated that Ti—C covalent bonds
are generated at the molecule/top electrode interface as demonstrated
in BTB-based MJs.*¥l For all junctions using different molecules, the
Ti/Au top contact deposition was performed with identical conditions,
and all junctions were also completed using lithography mask for top
electrode deposition. A few junctions were fabricated using shadow
mask for top electrode deposition. No significant differences were
observed in JV curves compared to those recorded when top electrode
deposition was done using lithography mask. This showed again that
the fabrication techniques used here were fully compatible with standard
microfabrication techniques./®l

All the molecules studied include a terminal aniline group which
allows in situ diazonium generation using a well-described procedure
with tert-butylnitrite (Aldrich) as a reagent.[2434649521 1.(2.bisthienyl)-4-
aminobenzene and 1-(4-aminophenyl)-1"methyl-4,4"-bipyridinenium bis-
hexafluorophosphate were synthesized using procedures adapted from
the literature.%40%] After grafting on the Au surfaces and loss of their
amino groups, the generated multilayers were named BTB and VIOCI
layers. [Ru(bpy),]*"(PF¢7), was deposited from a phenyl diazonium
derivative as already described.l®l [Co(tpy),]**(PFs7), oligomers were
grafted from a cobalt complex bearing two 1-(4-aminophenyl)-terpyridine
ligands since the synthesis method used only allows symmetric cobalt
complexes.’38 CV recorded during grafting of Co(tpy), and Ru(bpy);
layers was provided, as examples, in Figures S1 and S2a of Supporting
Information, respectively.

Layer thicknesses were determined by AFM measurements. The
thicknesses of the gold stripe deposited on SiO, and of the gold stripe
covered by the grafted layer were measured, and the thickness of the
layer was deduced by subtracting the gold thicknesst*46#] using a
statistical procedure as shown in Figure S6 (Supporting Information).
Standard deviations of thickness were in the range of 0.7-0.9 nm as
indicated in Section S6 (Supporting Information). All thicknesses
reported below were determined by AFM for each deposition condition
and on a location on the bottom gold stripe less than 1 mm away from
the position of the top electrode of the M.

Current density versus bias voltage (JV) characteristics were
measured in air with a Keithley 2602b source meter at 2 V s™' or by
dc polarizing the junction while measuring the current with a low-
noise current amplifier. In each case, a two-probe setup configuration
was used with the top electrode grounded while applying a bias to the
bottom electrode. All JV curves in figures were obtained in air, and each
curve presented in figures was an average JV curve obtained with all the
MJs fabricated on each sample. Low-temperature measurements were
performed using a variable temperature insert while keeping the sample
in He atmosphere. The device was allowed to heat from 7 K to room
temperature while successive JV curves were recorded.[*340]

XPS analyses was performed in ultrahigh vacuum system
(ThermoFisher Scientific, K Alpha+) with a base pressure of 2 x
107 mbar. XPS was performed using an Al KR X-ray source (1486.6 eV)
and a microfocused monochromatic and magnetic lens.
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UPS analyses were performed on a modified gold substrate using a
ThermoFischer Scientific K Alpha+ system with a base pressure of 2 x
107 mbar. The analyses were carried out using monochromatic He |
(21.21 eV) emission together with a toroidal mirror monochromator.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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