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Ultrarobust Thin-Film Devices from Self-Assembled
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The promise of integrating functional organic molecules into
nanoscale junctions, enabling feature-size reduction and the
control of electrical properties by molecular design has been
the driving force in nanoelectronics over the past decades.[?
Although organic molecules have been characterized in a
number of experimental test-beds,! the realization of robust
and practical molecular devices remained a challenge. Spe-
cifically, a major hurdle toward the practical realization of solid
state molecular junctions turned out to be the deposition of
metal electrodes because the conventional process (e.g., physical
vapor deposition or sputtering) generally leads to damage/
electrical shorts experienced by the fragile molecular layers.[*>!
The problem becomes insurmountable when moving to large
area junctions spanning several thousands of pmZ2.[ Thus, a
number of sophisticated approaches emerged® to mitigate elec-
trical shorting and to provide a platform suited for the electrical
characterization of small molecular ensembles (e.g., conduc-
tive atomic force microscopy (AFM),”# nanopore junctions!®!
or dense molecular layers (e.g., Hg-drop!'®'?l and eutectic
Galnl¥ junctions). In spite of the considerable mechanistic
understanding gained with these techniques, the integration
of organic layers into solid state junctions remains a challenge.
For this reason, the development of alternative electrode depo-
sition methods with the potential for device integration was
brought forward, such as indirect evaporation or lift-off float
on deposition.">1% More recently, polymeric,® graphene,!!”]
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or inorganicl'*!®l interlayers have been introduced to protect
ultrathin molecular layers from invasive, vapor deposited con-
tacts. These approaches represent a promising pathway toward
robust molecular/polymer circuits; however they require an
additional organic/inorganic layer that inevitably masks the
intrinsic electrical response of the molecules under investiga-
tion. A possible solution has been proposed by McCreery and
co-workers, involving molecular layers that are sandwiched
between carbon and copper electrodes forming stable and
highly reproducible molecular junctions.’”) Remarkably, these
large area junctions show high yields, endurance, and tempera-
ture stability, even though the requirement of using pyrolytic
carbon as a bottom electrode might limit their applicability.

Here, we demonstrate that by integration of Fel'-terpy-
ridine redox complex oligomers?%-22] into large area solid-state
junctions, molecular thin-film devices of outstanding mechan-
ical and electrical robustness are realized. Notwithstanding
the metallic crossbar junctions are deposited in a conventional
thermal evaporation process, Fell-terpyridine oligomers are oper-
ational over a period of more than two and a half years and resist
to temperatures ranging from 150-360 K. The oligomer layers
show a high electron mobility (p. = 0.1 cm? V1 s71) and, most
remarkably, electrical transport follows an ideal Richardson—
Schottky (RS) injection behavior, as demonstrated by means of
complementary experimental and theoretical investigations.

Bottom electrodes are prepared by thermal evaporation of
an array of eight parallel Au electrodes (each 100 pm wide)
on native silicon using a shadow mask. Subsequently, metal
center oligomers (MCOs) are deposited by a stepwise sequen-
tial coordination reaction of a Fe'! redox center by a conju-
gated 1,4-di(2;2%;6";2"-terpyridine-4’-yl)benzene (ITPT) ligand
(Figure 1a),2!! as schematically depicted in Figure 1b. In our
work, oligomers of three different lengths have been assem-
bled by incorporation of 15, 20, and 30 Fe!! metal centers
(MC), yielding MCO layers with a thickness of 15, 20, and
30 nm. This allows a detailed study of their electrical charac-
teristics as a function of molecular length. A symmetric contact
of the oligomers to both Au electrodes is established by using
4’-(4-mercaptophenyl)terpyridine (MPTP) as the first and last
ligands of the stepwise coordination.

From density functional theory (DFT) calculations, a length
of 1.55 nm is derived for the repeat unit of the MCO chain
(Figure 1a). A constant increment in film thickness as a func-
tion of the coordination number is determined from AFM
data (Figure 1c), following a linear regression with a slope of
~1.08 nm per coordination step. These data and the coordina-
tion efficiency known for the stepwise coordination process!?’!
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Figure 1. Schematic representation of the metal-terpyridine-based oligomers and of the crossbar device structures. a) Molecular structure of the TPT
ligand and energy minimized geometry of a TPT dimer from DFT calculations. b) Scheme of an array of MCO oligomers bridging two Au contacts. For
clarity, the triflate counter-ions are not included in the scheme; they are however part of the theoretical model presented in Figure 5 c) Dependence
of the step height on the number of MC deposition cycles from AFM measurements. A linear fit to the data results in an increase of the MCO layer
thickness by 1.08 nm per coordination number. The data point with 40 MCs serves to verify the linearity of the film deposition. d) Picture of the Au/

MCO/Au crossbar structure before characterization in a cryostat.

supports a well-defined self-limiting layer-by-layer build-up.[?4l
Based on the repeat unit length and the thickness extracted
from AFM data, the MCO oligomer assumes a tilt angle of =46°
from the surface normal. The chemical structure of the layers
is confirmed by X-ray photoemission spectroscopy.

The microstructure of the films is investigated by molecular
simulations using molecule-specific all-atom force-fields
obtained from density functional calculations on preopti-
mized molecular building blocks (see Figure 5 and the Sup-
porting Information for details). The simulations of the MCOs
(including the triflate counter-ions) indicate that a maximum
in lateral packing density and energetic stability is reached at
a tilt angle of 46.6°, very close to the value obtained from AFM
measurements. Bulky Fe''-terpyridine moieties interlock with
the less bulky aromatic “bridges” of the neighboring oligomers
to form a structure with calculated density of 0.96 g cm™.
The counter-ions compensate the Coulomb repulsion between
the positive oligomer-based Fe-ions. We calculated the average
distance between the counter-ions and the nearest Fe'l-ion to
be 6.4 + 0.5 A. The fairly narrow distribution throughout the
sample indicates strong electrostatic interaction and, thus, the
major role of counter-ions in the stacking of the oligomers.

In contrast to previous work on metal-complex multilayer
films,®>) which reported the use of PEDOT:PSS as a protec-
tive interlayer against invasive top metal electrodes, herein
the electrodes are deposited directly on the MCO layer by
thermal evaporation (55 nm of Au at a deposition rate of
0.02 nm s7!) using the same electrode pattern as employed for

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the bottom electrodes, however rotated by 90°.1°l The resulting
devices (Figure 1d) consist of 64 junctions with an area of
100 pm x 100 pm at each cross point. The samples are stored
under nitrogen atmosphere, and extensive electrical characteri-
zation is carried out under high vacuum (HV) conditions (base
pressure: 107® mbar) using a cryostat and an automated data
acquisition system. Figure 2a shows the |-V curves, acquired
using a bias interval of 50 mV and 120 ps per data point (see
the Supporting Information for details on measurements and
statistics). Junctions incorporating 15, 20, and 30 MCs were
capable of sustaining bias voltages ranging from —3 V to 3 V,
corresponding to a maximum electric field of =2 x 10°V cm™.
Our data shows a remarkable reproducibility from junction to
junction, as well as for hundreds of sequential J-V scans from
the same junction. The majority of the devices showed no deg-
radation during our study. In Figure 2d the first and the last
measurement within a durability tests is shown, demonstrating
the outstanding long-term stability of MCO junctions over a
lifetime of two and a half years. The functional shape of the -V
traces is roughly preserved, demonstrating that the conclusions
from RS analysis are consistent over the time of our study.

The stability of the junctions is remarkable considering the
invasiveness of vapor-deposited gold electrodes that commonly
induce shorts in molecular layers, which can only be avoided by
the use of additional polymer!® or graphenel'’! interlayers. We
experimentally elucidate the mechanical stability of the films
in nanowear experiments using Silicon AFM probes with loads
between 100 nN and 2 pN (Figure S4, Supporting Information).

Adv. Mater. 2016, 28, 3473-3480
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Figure 2. Electrical data from Au/MCO/Au junctions, incorporating 15, 20, and 30 MCOs measured at room temperature (pressure: 1075 mbar).
a) J-V characteristics. b) Semi-log plot of the current density In(J) versus 1/d%°, following a linear regression as expected from Equation (1).
c) RS plot showing the linear dependence of In(J) on V3. The data in (a), (b), and (c) represent the average from J-V measurements on several
samples. d) Durability test of MCO junctions, showing the lifetime of the junction with 30 MCs over a time of two and a half years (see the Supporting

Information for details on statistics and lifetime).

MCO films thereby show an even higher wear robustness than
PMMA layers, which is attributed to a strong intermolecular
stabilization (electrostatic intermolecular attraction and 77
interactions), a dense packing, and the additional chemical
bond to the substrate. Note that the junctions are temperature
stable from 150 to 360 K, which allows the extraction of key
parameters such as charge-injection barrier, dielectric constant,
Richardson constant, and mobility (vide infra).

Nonresonant tunneling is the commonly accepted mech-
anism for charge transport through ultrathin molecular
monolayers.'*?728 In a few cases, temperature-dependent hopping
transport was observed.?>3% Recently, it has been demonstrated
that the transition from tunneling to a hopping regime occurs at
a critical molecular length of =3—4 nm.B!34 Thus, we assume that
for Au/MCO/Au junctions the hopping regime is applicable.

To investigate charge transport in Au/MCO/Au junctions,
we examine the dependence of the J-V characteristics on
voltage, film thickness, and temperature, and fit these data to
different theoretical models. In Figure 2a, the J-V curves for
Au/MCO/Au junctions with 15, 20, and 30 MCs are shown.
Neither a nonresonant tunneling modell?”! predicting an expo-
nential decay behavior according to J = Joe B¢ (where B is the
decay constant and d the distance) nor space charge limited
transport (the Mott-Gurney law)B3 could fit our data (Figure S5
and S6, Supporting Information). The only appropriate Ansatz
appears to be injection-limited transport, known to prevail for
high injection barriers between the Fermi level of the contact
and the transport levels of the semiconductor. Thermionic
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emission,?**! an injection process based on thermal activa-
tion, is known to be effective in systems exhibiting hopping
transport, such as polymersP®® or amorphous molecular layers
commonly used in organic light-emitting diodes (OLEDs).”]
This regime is rarely reported in molecular thin-film devices,?®!
essentially because its observation requires molecular building
blocks that are: i) long enough for charge transport being not
exclusively governed by tunneling,®3!! and ii) stable enough
to withstand a sufficient range of temperatures and bias volt-
ages. For our analysis, we apply a model recently introduced by
Scott and Malliaras,*) where in the strong field limit (>10° V
cm™!) the expression for the current density reduces to the well-
known RS Ansatz for thermionic emission:#0*

e(_% /kT)e(‘ qzv/4nsoed/kT)

J=AT? @

with A* being the effective Richardson constant, ¢, the energy
barrier for hole/electron injection (Schottky barrier), € the die-
lectric constant, &, the permittivity of vacuum, k the Boltzmann
constant, and g the electronic charge.

Figure 2b shows a plot of In(j) versus the inverse square root
of the layer thickness d. The linear fit demonstrates the excellent
agreement of the measured currents with the RS model according
to Equation (1), providing first evidence for thermionic emission
in MCO junctions. This interpretation is substantiated by an ana-
lysis of the J-V dependence, as shown in the plot of In(J) versus
V32 (Figure 2c). As expected for RS emission, we observe linear
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behavior in compliance with Equation (1), the slope representing
the RS coefficient (slope = d(InJ)/d(+/V), see inset in Figure 2c).
Remarkably, the RS model applies to Au/MCO/Au junctions with
MCO oligomers of different length, with currents spanning five
decades (at 3 V). Small deviations from linearity as observed in
Figure 2c for short MCOs (15 MCs) are attributed to residual
moisture present in the molecular layers (as observed before in
bis(terpyridine)Fe! crystals).*?! As a matter of fact, the removal of
traces of H,O from the MCO layer, either by storage under HV
conditions for several days or by thermal annealing, appears to be
crucial to obtain well defined J-V characteristics (see the Experi-
mental Section for details). Under these conditions, our -V data
show ideal Schottky emission behavior (Figure S7, Supporting
Information), which is a nontrivial result considering the ionic
nature of the organic layer under investigation, and the possibility
of drift currents from impurities and water.[1%

Understanding charge transport in molecular scale devices,
specifically in view of thermally activated processes, requires
the electrical characterization over a wide temperature range.
This was possible thanks to the extraordinary structural stability
of MCO junctions, which allowed -V measurements with T
from 150 to 360 K, thus enabling the extraction of key material
parameters such as the dielectric constant ¢, the charge-injection
barrier ¢, and the effective Richardson constant A*. Figure 3a
illustrates the dependence of the RS coefficient (slope of In(J) vs
V112) and the intercept J, (linear fit at 0 V) on the temperature
for MCO junctions with 20 MCs. From the slope of the RS coef-
ficient versus 1/T (Figure 3b), the dielectric constant is obtained
(€=2.43), and found to be in good agreement with independent
ellipsometric measurements (€ = 2.73, vide infra). Equation (1),
in the zero bias limit, reduces to In(J,)=In(A’T*)—¢,/kT,
providing the parameter A* for known values of the intercept
Jo- As shown in the inset of Figure 3b, A* is found to be tem-
perature independent in the range from 250 to 360 K, a further
evidence for the applicability of the RS model (Equation (1)). By
using ¢, = 0.72 eV (vide infra), we find that A* = 0.5 A cm™2 K2,
which is much closer to the Richardson constant for free elec-
trons (A" =4mgm’k’/h’ = 120 A cm™ K?) than experimental
values reported for disordered hopping systems such as OLED
materials (A* =10 A cm™ K2).51 For comparison, typical
values of A* for inorganic semiconductors range from 1.7 to
258 A cm™? K23 Applying the Scott-Malliaras modell®% in
the strong field limit (F =10° V cm™), the Richardson constant
reduces to A" = 67ee,No k> [e,, where Nj is the density of hop-
ping sites and p is the mobility in the organic film (see the Trans-
port Models section in the Supporting Information). With this,
we estimate the mobility in MCO layers as p =0.1 cm? V! g7,
a surprisingly high value that we attribute to the structural
order of the Fe''-terpyridine oligomers in 7m-conjugated MCO
layers, as well as to the overlap of n* orbitals of neighboring
TPT units (vide infra). It compares favorably with disordered
organic small molecule semiconductors (=10~ cm? V! s7!) and
polymers such as regioregular P3HT (0.1 cm? V! 71).[44]

Figure 3c shows a plot of In(J/T?) versus 1/T, from which
the injection barrier ¢, is extracted by using Equation (2)

I sf[ oo [F7 1)1
ln|:T2}—lnA +[[ oy + 4ﬂ808djk]T ()
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Figure 3. Temperature-dependent J-V data. a) RS plot of the current den-
sity as a function of temperature for Au/MCO/Au junctions with 20 MCs.
From the slope of the linear fits as well as from the temperature and
the film thickness, the average static dielectric constant € is derived (see
equation in (b)). b) RS coefficient versus 1/T as obtained from the slopes
shown in (a), yielding a dielectric constant of £ =2.43. The intercept of the
linear fits at V=0 (see graph in (a)) gives the parameter A*. In the inset
of (b), the dependence of A* on 1/T is shown. c) In(J/T?) versus 1/T plot
for MCO junctions with 20 MCs (d = 20 nm). From the linear fit to the
data above 250 K, the charge-injection barrier is derived at bias voltages
of 1, 2, and 3 V. Slopes and calculated injection barriers are shown in the
inset. Values are mean £ SEM.
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The plot is acquired at three different bias voltages (1, 2,
and 3 V) and shows a temperature-dependent linear regime
above 250 K and a nearly temperature independent regime
below 250 K, which is reminiscent of the behavior observed in
carbon/self-assembled monolayer (SAM)/copper junctions.!*"]
The Schottky barrier ¢, (i.e. the energy gap between the metal
Fermi level and the highest occupied molecular orbital (HOMO)
or lowest unoccupied molecular orbital (LUMO) of the organic
material) is obtained from the high-temperature asymptote, i.e.,
from a linear fit to the data in the regime above 250 K, resulting
in an injection barrier of ¢y, = 0.72 eV (Figure 3c, inset table).*"!
We conclude that charge injection in Au/MCO/Au junctions is
governed by the Schottky barriers at the contacts, which in turn
are defined by the chemistry of the aromatic TPT ligands rep-
resenting the hopping sites for electron transport (vide infra).

Notably, Fowler—Nordheim (FN) tunneling is excluded as
a possible injection mechanism. In fact, currents in the FN
regime are inherently temperature independent (whereas our
data is not, see Figure 3c),*"! and would result in a linear slope
in the FN plots (Figure S8, Supporting Information). We esti-
mate that significantly higher electrical fields are necessary to
reach FN tunneling for MCO junctions.

To provide a sound basis for our interpretation in terms
of RS emission, we have extracted a number of material
parameters from independent optical, electrochemical, and
spectroscopic investigations, and used them to validate our

a ; ; —t ; :

Current (A)

1,0 -2,0
E (V) vs. Fc
b hv=1486,6 eV
0
c
=]
)
.
>
‘@
c
9]
<
1479.2  1478.8 14784 1478.0 1477.6

Binding Energy (eV)

www.advmat.de

model. By ellipsometric measurements, a dielectric constant
of € = 2.73 £ 0.2 is obtained for MCO layers with 30 MCs
(Supporting Information), which is in excellent agreement
with values extracted from electrical data (& = 2.43). The injec-
tion barrier ¢, depends on the position of the energy levels of
the HOMO and LUMO of the organic material with respect to
the Fermi level of the metal electrodes. The levels have been
determined by cyclic voltammetry (CV) measurements in solu-
tion using the model compound Fell(ttpy), that is structurally
analogue to the MCO complexes, as well as with a thin MCO
film consisting of 4 MCs deposited onto the Au working elec-
trode (see Figure 4a and Figure S9, S14, and S15, Supporting
Information). Based on the oxidation and reduction potentials,
the HOMO and LUMO levels are found to be at 5.8 and 3.5 eV,
respectively. Low-intensity XPS spectra (LI-XPS; Figure 4Db)
yield a work function of 4.29 eV for MCO-coated Au electrodes
(15 MCs), compared to 5.1 eV for clean, argon-sputtered Au
substrates. This work-function shift results from the push-
back effect!] and the interface dipole created by the thiolate
layer,*¢l both known to reduce the work function of Au by about
1 eV.2#7l Combining the data from LI-XPS and CV, an energy
diagram as shown in Figure 4c is derived, where the downshift
of the HOMO and LUMO levels of MCO by 1.0 eV relative to
the Fermi level of polycrystalline Au (reported to have a work
function of 5.3 eV),*8 has been included. Notably, the injection
barrier between the Fermi level of Au and the LUMO of MCO

Cc
Evac
IA =1.0 E,.c
=53
IP=5.8
LUMO
Er IO.S
2.3
HOMO
Au MCMW

Figure 4. Extraction of the energy level diagram from electrochemical and spectroscopic data. a) Cyclic voltammograms showing the Fe''-Fe'"' redox
process of the model compound Fe''(ttpy), in acetonitrile solution (0.8 x 1073 m, TBAPF, 0.1 M), with oxidation (black) and reduction (red) peaks at
E1;™ = 0.67 and E; ;"¢ = —1.64 V (vs Fc/Fc*), respectively. b) Secondary cutoff of an Ar-sputtered Au substrate (blue) and of an MCO-modified Au
surface (red) with 15 MCs as obtained from LI-XPS data. The measured work function is 5.1 and 4.29 eV, respectively. c) Energy diagram (at zero bias)
of the Au/MCO interface resulting from CV and LI-XPS data, where a work function of 5.3 eV is assumed for a polycrystalline Au surface.¥l Note that
the formation of a pronounced depletion zone in the organic layer (at the contact), as known for doped semiconductors, is excluded as it would induce
an interface dipole with a related work function offset that is not observed here.
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is reduced to ¢, = 0.8 eV upon molecular assembly, which is
in excellent agreement with the Schottky barrier as determined
from electrical measurements (0.72 eV).

Based on the consolidated experimental data, we conclude
that charge transport in Au/MCO/Au junctions takes place by
electron conduction. A substantial ballistic contribution to the
electronic transport would require a strong electronic overlap
matrix element between directly adjacent moieties along the
molecule. The n-character of the LUMOs (shown in Figure 5c¢,d,
generates nonzero hopping matrix elements between adjacent
linkers only if they are not perpendicular, which corresponds to
the symmetric conformation with respect to the Fe-center. For
this reason, we first examine the stiffness of the angle between
adjacent linkers that complexate the Fe!' redox center. The
energy profile for the rotation of the terpyridine group around
the molecular axis (Figure S10, Supporting Information) indi-
cates that the intermoiety angle is confined to nearly 90°, and as
a consequence, the direct hopping matrix element of adjacent 7
orbitals is small (indeed Jgier = 4.19 X 1073 eV; see Table S1,

a

46.6+0.6°

el
ey
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Supporting Information). In combination with the large unit
cell this leads to extremely flat bands. We also find that the reor-
ganization energy (=0.2 eV; see the Supporting Information)
is considerably larger than the direct hopping matrix element,
which indicates that the charge hopping is much slower than
charge relaxation processes. Both observations point to a loss of
coherence of mobile carriers, i.e., the absence of band transport.
For this reason, we investigate electron transport both along
the MCO oligomer (on-wire) and between adjacent oligomers
(off-wire) (Figure 5a) within the context of a hopping transport
model, i.e., by analyzing the hopping matrix elements of all rel-
evant processes. Figure 5c¢ presents the LUMO and LUMO+1
along a “Cardan-joint” of the oligomer. Some of the possible
on-wire and off-wire hopping sites are indicated in Figure 5d
along with the corresponding LUMOs. The distribution of cou-
pling matrix elements*)! (Table S1, Supporting Information)
clearly demonstrates that the on-wire and the largest off-wire
hopping matrix elements have comparable magnitudes. Con-
sequently, hopping transport on-wire and off-wire are equally

b

Figure 5. Microscopic and electronic structure of MCO layers. a) Side view of the optimized structure of the MCO trimer (counter-ions explicitly
included) with the oligomer center-of-mass fixed in the z-direction (counter-ions were not restricted). After a full relaxation in the xy-plane, the lowest
energy structure resulted in an angle of 46.6° between the surface normal and the molecular backbone. b) Top view of the same MCO trimer, with
lattice parameters a = 16.3 A, b =11.7 A, and an angle of 41° between a and b. The structure is periodically extendable as illustrated by continuation
of the MCO oligomers in the xy-plane (in “stick” representation). c) LUMO (red and blue) and LUMO+1 (cyan and pink) orbital along the oligomer, in
the “Cardan-joint” part of the MCO structure. The LUMO orbitals have predominant r, out of plane character. The estimated hopping matrix element
between the indicated orbitals is 2.44 x 107 eV. d) The LUMO orbitals, in alternating colors (see (c)) along the MCO trimer. Green lines illustrate

hopping sites away from a chosen central site.

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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likely, which is consistent with the robustness of experimental
transport measurements. We estimate the electron mobility
using a recently developed analytic approach,”® obtaining
te = 0.22 X 107! cm? V7! 571, which is not far from the value that
results from experimental data with the Scott-Malliaras model
(e = 1071 cm? V71 s71). The expectedly much lower estimate of
the hole mobility, iy, = 3.1 x 107* cm? V-1 571, is a consequence
of much stronger localization of HOMO states, that are domi-
nated by Fe! d-electron states.

Both by experiment and theory, we have shown that metal-
center terpyridine oligomers form highly cohesive molecular
assemblies, producing ultrathin films of remarkable mechanical
robustness and electrical stability. The film properties enable
the fabrication of robust large area junctions by conventional
thermal deposition of the top metal electrodes, so being com-
pliant with standard manufacturing processes. The tempera-
ture stability of the junctions allows for detailed electrical
studies, and in conjunction with ab initio calculations, we
reveal that charge transport: i) occurs via electron (hopping)
conduction both along and off the wire, and ii) is limited by the
charge injection through a Schottky barrier with ¢, = 0.72 eV
following a prototypical Richardson-Schottky model. The out-
standing lifetime and stability makes these junctions candi-
dates for the development of active and passive components
in organic electrical circuits. By adjusting the energy levels
along the MCO chain (e.g., the LUMO by substitution of the
aromatic core) the Schottky barriers at the contacts might
be removed, and by tailoring the sequence of the monomers
along the MCO chain (including different organic ligands and/
or chromophores) device characteristics such as rectification,
negative differential resistance, and photoinduced switching
might be realized. Still, structural changes in the backbone
might affect the packing density of the MCOs; therefore, par-
ticular care has to be taken when implementing any new func-
tionality, so to keep their extraordinary mechanical robustness
unaltered.

Experimental Section

Preparation:  Electrodes were realized by evaporation of
50 nm Au on 5 nm Cr on a Si wafer with 400 nm thermal oxide
(sample dimensions: 10 mm x 10 mm). The vapor-deposited gold
electrodes were functionalized with an SAM of MPTP/MB (MPTP =
4’-(4-mercaptophenyl)terpyridine, MB = mercaptobenzene), prepared
by immersing the electrodes in an equimolar solution of MPTP and
MB (5 X 107 m each, chloroform, 1 d) and rinsing with chloroform.
This provided a stable anchoring of the MCO oligomer to the bottom
electrode. The functionalized electrodes were: i) immersed in a solution
of Fe(CF3S03), (5 X 107° m, ethanol:chloroform 1:1, 5 min) and rinsed
with ethanol and chloroform, ii) immersed in a TPT solution (TPT
= 1,4-di(2;2’;6";2"-terpyridine-4"-yl)benzene, 5 x 107* wm, chloroform,
20 min) and rinsed with chloroform and ethanol. Stages (i) and (i) were
repeated iteratively, whereby the Fe!' charges were balanced by triflate
counter-ions. Once the desired length was reached, the samples were
immersed in an MPTP solution (5 x 10™* wm, chloroform, 20 min)
providing a thiolate end group and a symmetric layer structure within
the molecular junction. By using 15, 20, and 30 iterations, MCO chains
having a length of 23.2, 31, and 46.5 nm, respectively, were formed with
an overall layer thickness of 15, 20, and 30 nm. The top electrodes were
defined by vapor deposition of 55 nm of Au using a shadow mask as
stated above, however, rotated by 90° (see Figure 1d).
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Electrical Measurements: Currents were measured under HV
conditions (base pressure: 10° mbar) using a modified optical cryostat
(Oxford Optistat CF-V) and a custom-built automated data acquisition
system. As the samples appeared to be quite moisture-sensitive
(a pronounced hysteresis in the |-V characteristics was found for
measurements under ambient conditions), the chips were kept under
HV for several days before electrical characterization (ideally for several
weeks for hysteresis-free |-V curves). For each cross point, 35 |-V
curves were recorded in the voltage range £0.5, £1, +2, and +3 V, where
each |-V trace was acquired using a bias interval of 50 mV and a time
of 120 ms per voltage step, corresponding to a scan rate of 0.42 V s7\.
In total, ten cross points were measured on each fabricated sample or
chip (having 15, 20, or 30 coordination steps, respectively), resulting in
350 traces per sample. The data presented in Figure 2 and 3 resulted
from the average of at least 50-60 single /-V curves from at least two
different chips. As after storage under HV the I-V curves showed almost
no hysteresis, the forward and reverse sweeps were averaged. For data
analysis, traces from shorted junctions were discarded. The samples
measured after two and a half years (as shown in Figure 2d) were stored
under Argon and measured after a few hours in HV (10° mbar).

Further experimental details on sample preparation, electrical
measurements, ellipsometry, photoemission spectroscopy, cyclic
voltammetry, atomic force microscopy, and nanowear measurements are
provided in the Supporting Information.

Supporting Information

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