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Supramolecular tunnelling junctions with robust
high rectification based on assembly effects¥

Max Roemer, (2 £2 Xiaoping Chen, (2 1€ Yuan Li, @2 " Lejia Wang,® Xiaojiang Yu,
Pierre-André Cazade, )¢ Cameron Nickle,” Romena Akter,” Enrique Del Barco,’
Damien Thompson {2 *¢ and Christian A. Nijhuis @ *>9

The performance of large-area molecular diodes can in rare cases approach the lower limit of commercial
semiconductor devices but predictive structure—property design remains difficult as the rectification ratio
(R) achieved by self-assembled monolayer (SAM) based diodes depends on several intertwined parameters.
This paper describes a systematic approach to achieve high rectification in bisferrocenyl-based molecular
diodes, HSC,,Fc—C=C-Fc (n = 9-15) immobilised on metal surfaces (Ag, Au and Pt). Experiments sup-
ported by molecular dynamics simulations show that the molecular length and bottom electrode influence
the SAM packing, which affects the breakdown voltage (Vgp), the associated maximum R (Rnax), and the
bias at which the R« is achieved (Vg r). From the electrical characterisation of the most stable Pt—SC,,Fc—
C=C-Fc//GaO,/EGaln junctions, we found that Vgp, Vst r and Rmax all scale linearly with the spacer length
of C,,, and that Ry« for all the SAMs consistently exceeds the “Landauer limit" of 10%. Our data shows that
the robust switching of M—SC,,Fc—C=C-Fc//GaO,/EGaln junctions is the result of the combined optimi-
sation of parameters involving the molecular structure, the type of metal substrate, and the applied operat-
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Introduction

Molecular diodes are attractive building blocks for nanoscale
electronic circuits,"™ and their development has been a focal
point since the landmark paper by Aviram and Ratner propos-
ing the first molecular diode in 1974.° The performance of a
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ing conditions (bias window), to create stable and high-performance junctions.

diode is usually expressed in terms of its rectification ratio (R),
which defines how much electrical current density (J, in A
cm™?) traverses the junction in the ON vs. OFF states. R is
simply the ratio of |[Jon|/|/otl, i-€., R = [J(=V)|/|(J(V))|, where V
is the applied voltage in V, and R is the ratio of absolute J at
forward bias to that at reverse bias. Ideal diodes would allow
all current to pass through the diode in the ON state, but not
in the OFF state. However, this ideal behaviour is not reached
as a small amount of current (leakage current) always flows
also in the OFF state. In molecular diodes, this leakage current
is dictated by many factors, resulting in smaller values for R
than ideal cases. Macroscopic semiconductor-based diodes
operate at R of >10°, while molecular diodes have been gener-
ally limited to orders of magnitude smaller values of R
because of the molecular resistance in the ON state and large
leakage currents (due to defects or molecular disorder) in the
OFF state.” '® Recently, exceptionally well-performing mole-
cular diodes have been reported with R of several thousand
based on rigid biferrocenes with interlocked cyclopentadienyl
rings in SAM based junctions or nonadiyne in single-molecule
junctions,'”*® and even of several tens of thousands in switch-
able junctions, which operate with a different mechanism via
directional counterion migration in SAMs of viologens."®

Our previous studies showed that the performance of SAM-
based diodes depends on the choice of the bottom electrode,>
electrode-molecule anchoring group,”* molecular structure,'>?>

Nanoscale, 2024, 16, 19683-19691 | 19683


http://rsc.li/nanoscale
http://orcid.org/0000-0003-4876-8011
http://orcid.org/0000-0002-3621-687X
http://orcid.org/0000-0002-4204-2992
http://orcid.org/0000-0002-7044-6417
http://orcid.org/0000-0002-6860-4658
http://orcid.org/0000-0003-2340-5441
http://orcid.org/0000-0003-3435-4600
https://doi.org/10.1039/d4nr01514b
https://doi.org/10.1039/d4nr01514b
https://doi.org/10.1039/d4nr01514b
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr01514b&domain=pdf&date_stamp=2024-10-25
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01514b
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016042

Open Access Article. Published on 11 September 2024. Downloaded on 16.10.25 08:32:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and tilt angle of the active group,” which all impact the supra-
molecular packing of the SAM and its ability to effectively
transport current in the ON state while blocking leakage cur-
rents in the OFF state.>® Even seemingly subtle changes in the
molecular structure can have profound macroscopic impli-
cations as nicely demonstrated by well-known odd-even
effects.”**® SAMs of molecules on Ag with odd numbers of
methylene units (n. = odd) pack better than the ones with even
numbers (n. = even), which results in odd-even effects for
surface coverages, electrical behaviours and the SAM packing
properties predicted from molecular dynamics (MD) simu-
lations. For example, the odd-even effects in packing energies
of SAMs derived from n-alkanethiolates (where an odd or even
number of CH, moieties determines the orientation of the
functional terminal group) lead to odd-even effects in
exchange kinetics during SAM formation,*® surface dipole and
work-function,?” dielectric constant*® and optical properties.*®
Such odd-even effects also result in current oscillations in
molecular junctions®***??> and impact molecular diode
performance.*®

The mechanism of rectification of molecular diodes derived
from S(CH,)y;Fc (Fc is ferrocenyl),'®**?*3*! or derivatives such
as S(CH,)y;Fc,,'* is well understood. At positive bias, the
highest occupied molecular orbital (HOMO) does not partici-
pate in charge transport resulting in low conductivity, while at
negative bias, the HOMO falls in the conduction window
leading to high conductivity. We showed recently that mole-
cular junctions of Pt-SC;5Fc-C=C-Fc//GaO,/EGaln (EGaln
stands for eutectic alloy of gallium and indium) can rectify
with R = 6.3 x 10° by an electrostatic mechanism that maxi-
mises the number of molecules contributing to charge trans-
port in only the forward direction of applied bias when the
diodes are ON,** allowing them to bypass the Landauer limit
for single-level dominated charge transport.””** In these
diodes, the SAM structure changes with applied electric field
(or applied bias) due to the electrostatic forces between the
SAM and the top EGaln electrode. This effect led to an increase
in the number of conducting molecules with increasing
applied bias for only one bias polarity, boosting the diode per-
formance. This example highlights that molecular diode per-
formance can be bias dependent.

To rationally design molecular diodes that are stable and
operate with high R for potential future applications in nano-
scale electronics, it is important to understand the strengths
and weaknesses of such systems by systematically taking both
electronic and (supra)molecular structure of the SAMs into
consideration. Here, we go beyond that first SC;sFc-C=C-Fc
diode demonstration. Being aware that very long molecules
become highly resistive, and very short molecules give dis-
ordered SAMs (resulting in large leakage currents at reverse
bias when the diodes should block the current), we identified
an optimal range of molecular lengths to obtain well-perform-
ing molecular diodes by systematically exploring the alkyl
chain length-dependence of the SC,Fc-C=C-Fc junctions with
n. = 9-15. Furthermore, the choice of the bottom electrode,
either Ag, Au or Pt, results in changes in energy level align-
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ments, differentiating electronic effects from molecular effects
in the M-SC,Fc-C=C-Fc//GaO,/EGaln junctions, but also
affects the stability of the junctions. We identified Pt as the
bottom electrode of choice and we determined the breakdown
voltage (Vgp) and subsequently measured those junctions at
the maximum possible bias range. We show that R depends on
the applied bias range and that the maximal possible bias
range depends on the length of the alkyl chains and type of
electrode material. The larger Vgp allows us to increase the
operating bias window, leading to an improved value of R. This
work shows that the design of optimally performing junctions
is complicated by several intertwined factors that all need to
be optimised, illustrating that it is still challenging to ration-
ally design molecular junctions.

Results and discussion
The molecular tunnelling junctions

The junctions consist of thiolate-metal contacts with the
bottom electrode and non-covalent interactions with the
EGaln top electrode (Fig. 1). The variations of the alkyl chain
length and the type of metal substrate (Fig. 1b) allow us to
probe odd-even effects of the SAM, the corresponding electri-
cal characteristics, the evolution in the trend of charge trans-
port rates, and the corresponding rectification ratios, as well
as characterising the stability of the junctions as measured by
the breakdown voltage.

The HSC,Fc-C=C-Fc precursors were synthesised and
characterised (see ESIf). The melting points of the HSC,Fc-
C=C-Fc molecules show an odd-even effect with a similar
trend as observed for the corresponding monoferrocenyl thiols
(HSC,Fc),* ie., the odd numbered derivatives melt at lower
temperature than the even numbered ones highlighting an
odd-even effect in the packing structure. Such odd-even
effects are well known for n-alkanes, in the solid and the
liquid states.’®*” Since the non-templated assembly already
shows an odd-even effect, naturally odd-even effects are also
expected in the monolayer packing structure. Fig. 1 illustrates
the different SC,Fc—-C=C-Fc SAMs with n. = 9-15 on metallic
substrates M (M = Au, Ag, or Pt). The terminal Fc-C=C-Fc
moiety follows an odd-even effect in the tilt angle of the head
group (a) with respect to the surface normal. This odd-even
effect originates from the number of methylene units in the
alkyl chain (n.) and the fixed M-C-S angle, as illustrated in
Fig. 1a.>* However, in SAMs with large head groups, the SAM-
packing structure may be driven by head group - head group
interactions.'®*>*

Surface characterisations of the SAMs

We prepared stable SAMs on Ag, Au, and Pt, and characterised
them using cyclic voltammetry (CV), X-ray photoelectron spec-
troscopy (XPS), ultra-violet photoelectron spectroscopy (UPS),
and near-edge X-ray absorption fine spectroscopy (NEXAFS).
We have previously characterised M-SC,5Fc-C=C-Fc by these
techniques.*> Here, we provide XPS, UPS, and NEXAFS datasets

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01514b

Open Access Article. Published on 11 September 2024. Downloaded on 16.10.25 08:32:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

a Diode Series (M-SC,Fc-C=C-Fc)

l.:

.'é &
n=1 n=12
¢ c

n=10
¢

&

b Energy Level Diagrams
OFF-State

ON-State |

HOMO ____
o c
HOMO-1 O‘E
Y
w

—_—

SC, Fc-C=C-Fc SC,

Fig. 1

ik

View Article Online

Paper

M =Ag, Au, Pt

ON-State Il

(at high bias more
molecules participate)

Fc-C=C-Fc SC,  Fe-C=C-Fe!

(a) Representation of the series of HSC,,Fc—C=C-Fc (n. = 9-15) immobilised on a noble metal surface (M). The odd and even numbered

diodes differ in orientation and tilt angle (aoqg and aeven) Of the Fc—C=C-Fc head group. (b) Energy level diagrams for the diode in the OFF-state,
the ON-state | and the ON-state Il at which the current flow is enhanced due to Coulomb interactions between the oxidised positively charged Fc*—
C=C-Fc* and the negatively charged EGaln-electrode increasing the number of molecules involved in charge transport as indicated by the multiple
arrows. The Fc—C=C-Fc head group provides two near-degenerate levels HOMO and HOMO-1 for charge transport.

for two further derivatives, M—SC,,Fc—-C=C-Fc and M-SC,;Fc-
C=C-Fc (see ESIT for details), and CV data for all SAMs on Au
and Pt. In addition, all SAMs were characterised with MD
simulations.

Fig. 2a and b shows the measured surface coverages (I'cy, in
nmol em™?) of SC,Fc-C=C-Fc SAMs on Au and Pt derived
from CV (Fig. S2 and S3 show the CV curves and Tables S1 and
S27 the corresponding data). We have previously characterised
M-SC;5Fc-C=C-Fc (M = Au, Pt) by CV, and the data of this
derivative was taken from our previous work.*> The I'cy values
show distinct odd-even effects on both Au and Pt surfaces,
with odd numbers of n. giving higher I'cy, indicating a more
ordered and tightly packed structured SAM than the n. = even
derivatives.

On the other hand, previous work showed that for SAMs of
HSC,Fc derivatives on Au this effect is largely reversed with
respect to Pt (driven by differences in the M-S-C bond angles
of 104° for Au and close to 180° for Pt)**> as most odd-num-
bered members of the series exhibited lower I'cy.>**° For the
current Fc—-C=C-Fc systems, the odd-even effect on Au and Pt
electrodes was alike, i.e., odd numbered SAMs on both metals
gave higher values of I'cy than the even numbered SAMs.
Furthermore, we did not detect back-bending in the CV curves
up to n. = 15 (see ESI, Fig. S2 and S3t), which is in contrast to
the series of HSC,Fc showing substantial back-bending for the
longer derivatives (n. > 14), resulting in additional peaks in
the CV curves.?**° Instead, for the current series, we observed

This journal is © The Royal Society of Chemistry 2024

a gradual increase in the I'cy as a function of n.. The observed
differences are likely due to packing effects related to the large
head group. The data suggests that the packing of the SC,Fc-
C=C-Fc SAMs is driven by the large Fc-C=C-Fc group, over-
ruling the effects of the M-S-C bond angles that directed the
packing and properties of the SC,Fc series.””*® Our obser-
vations are supported by MD calculations of the SAM heights
(dsamsmp, in nm) and surface coverages (I'yp, in nmol cm™?)
on Pt (Fig. 2¢). As expected for well-packed SAMs, the dsan,mp
increases with n. as the molecule becomes longer. The SAM
structural order, as quantified by the damping of root-mean-
square fluctuation (RMSF) values of non-hydrogen atoms,
improves with length and shows a clear odd-even effect
(Fig. 2d). The improved structuring in odd-numbered SAMs on
Pt is reflected also in the computed odd-even packing energy
differences (AE, in kcal mol™), with large components coming
from the head groups (Fig. 2e). The MD calculations show that
the odd-even effect in order and AE is reflected in the tilt
angles a of the head groups (Fig. S10 for SAMs on Pt and
Fig. S117 for the SAMs on Au).

We note that the experimental odd-even effect in I'cy
cannot be observed in the modelling of I'\p, which is due to
the protocol of the modelling procedure. The SAM model was
created by allowing the molecules to move freely on the surface
until they form packed monolayers and this equilibrated physi-
sorbed configuration is then fixed to the surface by switching
on the metal-thiolate bonds. Although this method works well

Nanoscale, 2024, 16,19683-19691 | 19685
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Fig. 2 Surface coverage (I'cy) of SC,Fc—C=C-Fc SAMs on Au (a) and Pt (b) derived from CV. Au-SC,Fc—-C=C-Fc and Pt-SC,Fc—C=C-Fc were
used as working electrodes, saturated Ag/AgCl as reference electrode, and Pt as counter electrode. A 1.0 M HCIlO,4 aqueous solution was used as
supporting electrolyte and the scan rate was 1.00 V s%. The error bars represent the standard deviation from measurements of three samples for
each kind of SAM. The red dotted lines serve as guides for the eye only. Results from the molecular dynamics calculations for the Pt—SC,Fc—C=C-
Fc SAMs. (c) SAM heights (dsam.mp) and surface coverages (I'vp) on Pt. (d) Computed damping of the head group motion with increasing nc, (e)
Computed odd—even effects in packing energy differences (AE) for the full molecule and projected on to the different parts of the molecules, i.e.,
the alkyl chain, the head group, and alkyl-head cross interactions. (f) Computed packing energy components (E) for the different components of the

molecules of the Pt—SC,,Fc—C=C-Fc series.

to capture different types of odd-even effects in the chemi-
sorbed SAMs (such as oscillations in tilt angles and molecular
packing energies), it does not capture the more subtle odd-
even effects in surface coverages, which would require a more
gradual “strengthening” of the metal-thiolate bonds in the
model as the SAM forms. The computed packing energy contri-
butions (E) of different components of the molecules (Fig. 2f),
show that the combination of head group and alkyl group
stabilisation promotes creation of tightly-packed, upright
SAMs for all n. = 9-15 with gradual improvement in stability
for longer chains. The simulations predict that at higher n. =
12-15, the alkyl chain is long enough and its packing strong
enough to replace alkyl-head group cross-interactions as the
primary driving force assisting head group packing in stabilis-
ing the SAMs.

Electrical characterisation of the SAMs

We measured J(V) curves and determined R across the
M-SC,Fc-C=C-Fc//GaO,/EGaln junctions following the pro-
cedure reported previously.”>*> From statistically large
numbers of j(V) curves, we determined the Gaussian log-
average values of J, (log;o|/|)g, at each measured V to construct
the (logyo|/|)c vs. V curves. Details of data recording and ana-

19686 | Nanoscale, 2024, 16, 19683-19691

lysis are given in the ESL{ and the J(V) curves and corres-
ponding histograms are shown in Fig. S14-S16.1 We have pre-
viously collected J(V) curves of M-SC;5Fc-C=C-Fc (M = Ag,
Au, Pt), and the data of this derivative was taken from our pre-
vious work.*?

For the three SAM series on Ag, Au and Pt (Fig. 3a—c), the
(logio|J|)c decreased with increasing n., which is as expected
as the tunnelling barrier width increases with increasing n..
We observe a clear odd-even oscillation on Pt (Fig. 3c) as the
odd-numbered derivatives produce smaller values of J than the
even numbered ones. For junctions on Ag (Fig. 3a), this odd-
even effect is weakly present but absent for junctions on Au
(Fig. 3b).

All the junctions rectify electrical current at +1.0 V and
we observe a gradual increase of R with increasing n., ie.,
from n. = 9 to 15 on all three metal surfaces (Fig. 3d-f). For
instance, the R for SAMs on Ag increased by approximately
an order of magnitude from (log;oR)g of 2.0 + 0.5 to 3.0 *
0.3. This increase in R is likely due to the increasing surface
coverage at increasing n. along with the improvement in
molecular packing, and so reduced leakage currents.”>** As
established above by the I'cy and the MD simulations, the
longer chain derivatives pack better as the alkyl-alkyl inter-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Measured electrical properties (log;olJ|)g (@—c) and (log;oR)g (d—f) vs. n. for M—SC,,Fc—C=C-Fc//GaO,/EGaln junctions at low bias of +1.0
V. The respective metals are indicated in each panel. The error bars represent the oo, from the Gaussian fit of logolJ| and log;oR.

actions become more pronounced with increasing number
of n., which translates into better diode performance
(Fig. 2). A strong odd-even effect was evident for (log;oR|)c
on Ag (Fig. 3d), with the odd-numbered derivatives operating
at consistently higher (log;oR|)s. These effects were less pro-
nounced on Pt (Fig. 3ff) and partially reversed on Au
(Fig. 3e). The reason could be that the surface morphologies
of template-stripped Ag, Au, and Pt differ from each
other.*>%>! This observation agrees with our earlier work
where we also showed that the odd-even effect on Au is
smaller than on Ag, likely due to the fact that the tilt angle
of the molecular backbone on Ag (and Pt) is smaller than
on Au.*” In light of the surface characterisation described
above, the trend of R on Au indicates a transition around 7,
= 12 which can be explained by a transition from an alkyl
chain packing driven SAM to a head group packing domi-
nated SAM (Fig. 2 and S117). Probably for this series, the tilt
angle of the molecular backbone (the alkyl chain) of the
SAM of 30° (as opposed to reported tilts of 0-10° for SAMs
on Ag and Pt)*® explains why such a clear transition was not
visible for the other two types of SAMs.

Electrical stability of the junctions

Above we have shown that the monolayers on Pt are well-organ-
ised and densely-packed and that SAMs with 7. = odd perform-
ing better than those with n. = even. We have established pre-
viously that the SAMs on Pt substrates are more stable and can
withstand larger applied bias than those with Ag and Au elec-
trodes.*” For these reasons, we focus on junctions on Pt with
n. = odd to study how the value of R depends on applied
voltage. To do so, we need to establish the maximum bias
range we can apply for each value of n. = odd before a junction
electrically shorts.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Breakdown voltages Vpp (a and b) and breakdown fields Egp (c
and d) for junctions of Pt—SC,Fc—C=C-Fc//GaO,/EGaln (n. = 9, 11, 13,
15) at positive and negative bias, respectively. Vpp represents the break-
down voltage, Egp represents the breakdown field. The error bars in Vgp
represent the standard deviation (o) from the Gaussian fits in Fig. S17.1
The Vgp of n. = 15 is taken from our previous report.42 The error bars in
Egp are calculated from the error bars of Vgp (Egp = Vp/dsam,mp)-

Fig. 4 shows the Vgp (the applied maximum bias at which
the junctions start to short) and the associated electric fields
(Esp, Epp = Vep/dsammp). We have previously determined the
break-down voltage of Pt-SC,5sFc-C=C-Fc, and the data of this

Nanoscale, 2024, 16, 19683-19691 | 19687
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derivative was taken from our previous work.*> The general
finding is that the Vjp increases linearly with increasing n. at
both positive and negative bias directions, while the electric
fields across the junctions remain constant, with Epp, of 1.31 +
0.08 and —1.03 + 0.02 GV m™" at positive and negative voltages,
respectively. This further confirms that increasing the n.
improves the stability of the Pt-SC,Fc-C=C-Fc//GaO,/EGaln
junctions in terms of Vpp. This finding is in agreement with
the breakdown behaviour of n-alkylthiolate based EGaln junc-
tions,”” and silicon based molecular wires of varying lengths
in single-molecule junctions.”

High bias operation

Through determination of the breakdown voltages, we have
established the maximum safe bias windows in which the
junctions are stable and do not short. Now we apply this
knowledge to measure junctions of those derivatives at the
maximum bias range. Fig. 5 shows the (logy,|/|)c vs. applied
bias V for Pt-SC,Fc-C=C-Fc//GaO,/EGaln junctions (n. = 9,
11, 13, and 15) at high bias and the corresponding values of R
vs. Vwhich are also summarised in Table 1.

As shown in Fig. 5i, (log;oR)g for junctions at the highest
applied bias ((logioR)G,max) increases linearly with increasing
n., which indicates that the longer alkyl chain ensures a high
Vep, meaning that a high forward voltage can be applied
without suffering from an increase in leakage current at large
reverse bias. Interestingly, the voltage at which the R saturates
(Vsat,r) also shows a linearly positive dependence on the
number of n, (Fig. 5j).

The onset voltage at which R begins to evolve (Vonset,r), may
be used as a semi-quantitative guide to determine when
HOMO and HOMO-1 begin entering the conduction window,
which is approximately 0.3 V for all junctions (with the excep-
tion for junctions with n. = 15 which are too resistive and the
current is dominated by capacitive current near 0 V, and there-
fore we cannot determine the onset voltage reliably).*” In prin-
ciple, the Vg, r represents the bias at which the HOMO and
HOMO-1 have fully entered the conduction window, and
therefore R no longer increases with increasing bias.*?
Calculations by Zhang and co-workers indicated that other
frontier orbitals, up to HOMO-5, can potentially enter the
bias window and contribute to the conduction in (theoretical)
single-molecule junctions of the SC,Fe-C=C-Fc.”* It would be
interesting to investigate in more detail the potential role of
deeper orbitals in our large-area junctions.

Interestingly, a clear transition can be seen around 1.8 to
2.0V, n. = 9, 11 and 13, but the curves still continue to increase
at higher voltages. The behaviour is different for junctions
with n. = 15 which show a continuous increase in the current
all the way to the maximum applied voltage of 3.0 V. This
behaviour can be explained as follows. We have reported
before*? that at forward bias, when the HOMO and HOMO-1
fall in the conduction window (Fig. 1b, ON-State I), the bisfer-
rocene is oxidised resulting in electrostatic attraction between
the ferrocenium cations and the negatively charged top-elec-
trode (Fig. 1b, ON-State II). This electrostatic attraction is
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Fig. 5 Curves of (logiolJ|)g vs. applied bias V (a, ¢, e and g) and R
against applied bias (b, d, f and h) of Pt-SC,Fc—C=C-Fc//GaO,/EGaln
(nc =9, 11, 13 and 15) at bias of +2.4, +2.5, +3.0, and +3.0 V, respectively.
Error bar represents the o4, at each bias. (i) (logioR)¢ for junctions of
Pt—-SC,,Fc—C=C-Fc//GaO,/EGaln (n. = 9, 11, 13 and 15) at the highest
applied bias (as in panels a, c, e and d). (j) The plot of Vs r Vs. ne. The
error bars in panel i are o and the dashed red lines in i and j are
guides to the eye.
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Table 1 R for Pt—SC,Fc—-C=C-Fc//GaO,/EGaln (n. = 9, 11, 13, and 15)
at high bias

Te 9 11 13 15
Bias [V] +2.4 +2.5 +3.0 +3.0
R 4.0x10° 1.0 x 10* 3.1x10* 1.0 x 10°

voltage driven, and for n. = 15 clearly the largest voltages of up
to 3 V are accessible explaining the superior performance in
terms of the value of R of the diode with n. = 15. We did not
investigate molecular diodes with n. > 15 as already at n. = 15
the currents measured in the low voltage ranges were below
the detection limit of our system.

Fitting employing a single-level tunnelling model

We successfully modelled the behaviour of the junctions
employing a theoretical model for the Landauer formulism
developed previously.*” Eqn (1) describes a modified version of
the Landauer single-level model that accounts for the multiple
junctions present in a SAM junction.

I= @ [jw codEdE'Dp (E)G.I'(E"[fL(E) — fr(E)] (1)
Further, a function was used to describe the number of
molecules contributing to conduction as a function of the bias
voltage. The individual components of eqn (1) have been
explained in detail in our previous work,*” and are further out-
lined in the ESI (pages S62-S63t). Fitting was conducted by
implementing several constraints and the low and high bias
regimes were treated slightly differently to account for the
differences in the onset voltage (see pages S64-S681 for
details). Overlays of the fits of the (V) curves and the experi-
mental results, for the whole series of diodes, are shown in
Fig. S18.7 Overall, a strong agreement between the theoretical
calculations and the experimental data was evident. The data
shows as well that the asymmetry across the junctions
increased with the molecular length, and that the molecule-
electrode coupling varied as a function of molecular length.
This further confirms that the molecular potentiometer rule
applies in the current series, by demonstrating that an asym-
metric position of the molecular orbitals involved in the
charge transport in the junction results in a high rectification
ratio. In addition, this agrees with theoretical models devel-
oped for other rectifiers such as an alkyl cobaltocene,® and
aryl systems with two alkylthiol anchoring groups of varying
lengths.”®

Conclusions

In summary, we show that the evolution of R for SAM based
molecular diodes depends on the molecular length, the bias
range, and the type of metal used for the bottom electrode. We
optimised these parameters to achieve consistently high R
values of 10°-10°, above the Landauer limit and approaching

This journal is © The Royal Society of Chemistry 2024
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the lower limit of CMOS performance. The different molecular
lengths and metals affect the supramolecular structure of the
SAM, and therefore impact the junction stability and leakage
current. Increasing the lengths of the molecule from n. = 9 to
15 resulted in a ~1.3 fold increase of the Vgp, therefore allow-
ing to operate these stable molecular diodes at a high operat-
ing bias of V = 3 V. Remarkably, the tight surface packing
ensured low leakage currents at reverse bias despite the high
driving voltages. Subtle changes in the packing structure driven
by odd-even effects as well as the important role of the bottom
electrode material affect diode performance in accordance
with previous findings,**'8?>>” with Pt electrodes support-
ing densely packed, stable SAMs. Our findings give new
insights into why diodes that “look good on paper” often
showed disappointing performance, with our dataset showing
that systematic improvement requires simultaneous tuning of
both applied bias and (supra)molecular effects induced by
supramolecular and molecule-substrate interactions. We
therefore believe that our findings will inform future studies
aiming to improve molecular electronic devices.
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