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ABSTRACT: This paper describes a molecular diode with high, statistically
robust, rectification ratios R of 1.1 X 10°. These diodes operate with a new
mechanism of charge transport based on sequential tunneling involving both the
HOMO and HOMO-1 positioned asymmetrically inside the junction. In addition,
the diodes are stable and withstand voltage cycling for 1500 times, and the yield in

working junctions is 90%.
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olecular electronics is complementary to conventional

Si-based electronics and may induce electronic function,
for example, quantum interference,l’2 quantum plasmonics,3’4
or giant magnetoresistamce,5 which is otherwise difficult to
obtain with conventional Si-based technology.”™"* On the
other hand, relatively straightforward operations, such as the
rectification of currents, are remarkably difficult to perform with
molecular electronic junctions. Indeed, most molecular diodes
based on, for instance, asymmetric molecule—electrode
contacts,"* "' embedded dipoles (or push—pull molecules),"”
donor—bridge—acceptor moieties (following the original design
by Ratner and Aviram'®), or one asymmetrically positioned
donor or acceptor group inside the junction,'”~*" yielded so far
rectification ratios R = IJ(V¢,,)/J(Vie,)l < 10 (Vg,, = forward
bias; V,,, = reverse bias; J = current density in A/cm?).**”*°
Stadler et al.”> showed theoretically that molecular diodes in
the coherent tunneling regime likely cannot achieve values of R
> 20.

A few exceptions exist, though. For instance Metzger et al.”*
reported high R values of 2—30 in junctions consisting of well-
characterized Langmuir—Blodgett monolayers of electron
donor—bridge—acceptor moieties with evaporated Au top-
contacts. Venkataraman et al.* reported large values of R in
single molecule junctions of up to 200 in STM break junctions.
Ashwell et al.”” used STM-tips to contact complex molecular
architectures assembled into ill-defined layers of donor and
acceptor molecules with very high values of R of 3000 for one
junction. The lack of statistical confidence in Ashwell’s data
makes it impossible to determine the reproducibility, the
statistical significance of the value of R, or the mechanism of
charge transport. We have studied molecular diodes consisting
of SAMs of SC,;Fc (Fc = ferrocenyl) supported by ultraflat
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template-stripped (TS) Ag bottom electrodes in noncovalent
contact (denoted by “//”) with GaOff’“d/ EGaln top-electrodes
earlier.”*™" These diodes (based on one asymmetrically
positioned donor group, the Fc moiety, inside the junction)
have been well characterized and they rectify currents with a
value of R of about 100, while those junctions with SAMs
lacking the Fc headgroup, that is, 1l-undecanethiolate
(SC1CH;), do not rectify.’’ For these diodes to work
optimally, that is, high values of R, it is important to optimize
both the electronic (especially the coupling of the Fc units to
the electrodes)®® and the supramolecular structure of the
junctions (for example, the roughness of the electrode
materials,”® purity of the SAM precursor,”> and the SAM
packing®). Thus, it is important to optimize every aspect of the
junctions to maximize the values of R.

Although molecular diodes based on a single donor moiety
work well, molecular diodes based on two energetically
accessible molecular energy levels are promising to yield high
values of R. Molecular diodes with both donor (where the
highest occupied molecular orbital (HOMO) is localized) and
acceptor (where the lowest unoccupied molecular orbital
(LUMO) is localized) moieties (symmetrically or asymmetri-
cally positioned inside the junctions) have been studied
before,'&2123725:27:33 pyt controlling the energy level alignment
of both the HOMO and LUMO with respect to each other and
to the Fermi-levels of both electrodes is challenging.'"**** The
question whether the two energy levels that participate in the
mechanism of charge transport have to be a LUMO and
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Figure 1. (A) Schematic illustrations of the junctions of Ag'S-SC;;Fc,//Ga,0™/EGaln. The Ga,09™ is a 0.7 nm thick self-limiting oxide layer
primarily consisting of Ga,09™ with a very low resistance (~107* Q-cm?),>' ™3 the SAM//Ga,05™ contact resistance is negligible,52 and the
Ga,09™ layer is too thin to support depletion layers.”>** The chemical structure of each molecule is shown at the right side of the junctions. The tilt
angle of the Fc unit (a) with respect to the surface normal is defined with red dashed line. (B) The energy level diagrams at 0, — 1.0, and +1.0 V bias.
The black bar indicates the HOMO and HOMO—1 positions. The dashed bar indicates the LUMO position and the dotted line indicates the Fermi-
level. The arrows indicate the bias dependent change in the mechanism of charge transport.

HOMO or whether a diode based on two energetically closely
spaced filled (HOMO and HOMO-1) or empty (LUMO and
LUMO+1) orbitals can improve the values of R has not been
experimentally addressed. However, the control of the energy
level alignment of such diodes may be less cumbersome than
diodes based on donor—acceptor moieties.

Here we report on the bias dependency of three types of
molecular diodes with values of R as high as 1.1 X 10° based on
two closely spaced molecular orbitals (the HOMO and
HOMO-1) asymmetrically positioned inside the junctions.
We derive our conclusions from large data sets of 450—524
J(V) curves obtained from 20 junctions (Table S1), which were
fabricated with a yield of ~90% in nonshorting junctions for
each type of junction. These diodes consist of SAMs made from
various HSC,Fc,, with Fc, representing either the biferrocene
(Fc—Fc) or biferrocenylene (Fc=Fc) headgroup (abbreviated
as Fc—Fc, Fc=Fc% and Fc=Fc¢’) on ultraflat template-
stripped Ag bottom electrodes contacted with GaO™!/EGaln
top-electrodes (Figure 1). The difference between Fc=Fc* and
Fc=F¢ is that the alkyl chain is connected to either the & or 8
position of the Fc, which has a large effect on the packing
structure of the SAMs and the tilt angle . We achieved these
high values of R by minimizing the leakage currents (the
current that flows across the junction when the diodes block
the current, here at positive applied bias) via optimization of
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both the supramolecular (that is, SAM packing) and electronic
structure (that is, the molecule—electrode energy level
alignment) of the junctions. In addition, we show that the
molecular diodes are stable against voltage cycling. These
diodes rectify 10 times better than diodes based on a single
HOMO level asymmetrically positioned inside the junction
(that is, diodes based on SAMs of SC;;Fc). We attribute this
large increase in R to a mechanism of rectification involving two
molecular orbitals (HOMO and HOMO-1) instead of only
one (the HOMO).

The mechanism of rectification of the junctions with the
SCy;Fc SAMs have been reported before (see ref 35 for the
detailed mechanism of charge transport and ref 36 for J(V,T)
data; this mechanism has been confirmed by others® ~*”). We
believe that the mechanism of charge transport across the
junctions with Fc, is similar as outlined in Figure 1. Figure 1
shows that the HOMO (centered at the Fc, unit) is in van der
Waals contact with the top electrode, well separated from the
bottom electrode by the alkyl chain and in energy below both
Fermi levels (Eyopo = —S5.0 eV). The HOMO is coupled to the
top electrode: at positive bias (here defined as reverse bias) the
HOMO does not fall in the energy window defined by both
Fermi-levels but at sufficient negative bias (here defined as
forward bias) its energy lies within the energy window of both
Fermi-levels (Figure 1). Hence, only at forward bias the
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Table 1. Properties of the Self-Assembled Monolayers

cve ups® NEXAFS  ARXPS®

SAM I (x107° mol/cm?)  Eyomo (eV) AE,, (V)  Euomo (V) O6Eyg fwhm (eV) AEy (V) WF (eV) LUMO (eV) d (nm)
Fc—Fc 3.96 + 0.12 —4.93 +£ 001 031 + 0.01 —5.06 0.82 0.82 0.36 424 -2.16 223
Fe=Fd 3.49 + 0.09 —4.76 £ 001  0.56 + 0.01 —4.82 0.56 0.92 0.43 4.26 -2.11 1.92
Fc=Fc" 3.92 + 0.20 —476 £ 002 0.63 + 0.02 —4.74 0.48 0.98 0.52 426 -2.13 1.97

“The error bar represent the standard deviation from three independent measurements (see Supporting Information page S7 for details). ®The error
is 0.05 eV, which is the resolution of the UPS (see Supporting Information pages S12—S13 for details). “The error is 0.20 nm estimated from the
error of the fits (see Supporting Information pages S14—S16 for details).
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Figure 2. (A) The cyclic voltammograms of the three Au™-SC,;Fc, SAMs as the working electrode, Pt as the counter electrode, and saturated Ag/
AgCl as the reference electrode, recorded at a scan rate of 1.0 V/s with aqueous 1.0 M HCIO, as the electrolyte. (B) Valence band and secondary
cutoff spectra of the HOMO peak (see Figure S8 for the complete spectra). (C) Angular dependent C K-edge NEXAFS spectra of the SAMs of

Ag™-SC, Fo,.

HOMO participates in the mechanism of charge transport
resulting in rectification. We do not believe that the LUMO
participates in the mechanism of rectification in the applied bias
due to the large HOMO—LUMO gap of the Fc, moieties (see
below) as indicated in the energy level diagram. If the LUMO
would be energetically accessible at large positive bias this
would result in a reduction of R.

We characterized the SAMs with the Fc, terminal groups
(see Figure 1) that were synthesized by previously reported
methods*”*" as follows: cyclic voltammetry (CV) to determine
the surface coverage of the Fc, units I'y. (mol/cm?®), angle
resolved X-ray photoelectron spectroscopy (XPS) to determine
the SAM thickness d (nm), near edge X-ray absorption fine
structure spectroscopy (NEXAFS) to determine the tilt angle of
the Fc, units with respect to the surface normal « (deg) and the
energy of the LUMO, and ultraviolet photoelectron spectros-
copy (UPS) to determine the offset between the Fermi-level of
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the bottom-electrode with the HOMO SE,; (eV). Table 1 and
Figure 2 summarize the results (see Supporting Information for
more details and Figure S6—S8 for all data).

The CVs show that the two Fc moieties are electrochemically
strongly coupled and, as expected, the difference in the anodic
peak potentials AE,, = E,,; — E,,, (with E,,; and E
the first and second anodic peak potential, respectively, as
indicated in Figure 2A) increases from 0.34 eV for the Fe—Fc
SAMs to 0.56 or 0.63 eV for the Fe=Fc and Fc=Fc" SAMs.
The surface coverage of Fc=Fc¢” (Table 1) is slightly lower

being

Pa,2

than that for Fc—Fc and Fc=Fc” because of unfavorable steric
repulsions between the head groups. The angle-resolved
NEXAFS data reveal that indeed the Fc=Fc? units are more
flat-lying than the Fc—Fc and Fc=Fc” units (Table 1) in
accordance with the reduced thickness of the SAMs observed
by ARXPS. These flat-lying Fc, moieties reduce the packing
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Figure 3. Electrical stability of the junctions: 1500 J(V) curves (trace and retrace) of junctions with SAMs of Fc—Fc (A), Fe=Fc” (B) and Fc=F¢’
(C). D) Plot of R (= J(at —1.0 V)/J(at +1.0 V)) as a function of the trace number.
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Figure 4. Log-average J(V) plot of the junctions with SAMs of Fc—Fc (A), Fc=Fc’ (B), and Fc=Fc* (C), the corresponding histograms of R,
with a Gaussian fit to these histograms (D—F), and value of R versus applied bias (G—I). The error bars in A—C indicate the log-standard deviations

(O‘log) and in H—I the 95% confidence levels.

between neighboring molecules in the SAMs and consequently

increase the leakage current across the diode (see below).
The energy level diagrams shown in Figure 1 were

constructed using the work functions (WF) and the HOMO
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onset values (OEy;) derived from the UPS data, and the
LUMO levels estimated by NEXAFS. Table 1 shows that the
work functions are similar (~4.25 + 0.05 eV), but the values of
Epomo for Fe=Fc? and Fc=Fc* SAMs are 0.24 to 0.32 eV
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lower than that of Fc—Fc in good agreement with the CV data.
The full width at half-maximum (fwhm) of the HOMO signal
in the UPS spectra increases with increasing electrochemical
communication between the Fc units (AE,) and even a
shoulder appears in the UPS spectrum of Fc=Fc”. This
observation implies that an increase of the electrochemical
communication between two Fc moieties lowers the Eyonmo
and consequently reduces 6Ey; (Table 1). Hence, the signal in
the UPS is assigned to the HOMO and HOMO-1, from which
we estimated the energy difference between both levels (AEpg;
see Table 1 and Figure S9) in good accord with the AE,,
values. The NEXAFS data suggest that the HOMO—-LUMO
gap is 2.6—2.9 eV (in agreement with experimental values and
the density functional theory (DFT) calculations reported by
others)** and that the LUMO is ~2 €V above the Fermi levels
of the electrodes (Table 1). In contrast, the HOMO levels are
0.5 to 0.8 eV below the Fermi levels of the electrodes according
to the UPS data. On the basis of the values in the energy level
diagram in Figure 1, we conclude that the HOMO participates
in the mechanism of rectification while the LUMO is not
energetically accessible in the applied bias window of +1.2 V.
Because NEXAFS tends to underestimate the energy of the
empty levels due to core-hole electron interactions, the LUMO
levels obtained bZ NEXAFS can be seen as a lower limit value
(see page S19).*

The SAM-based junctions with cone-shaped tips of GaO™/
EGaln were fabricated following previously reported proce-
dures.”” We grounded the bottom-electrode using a gold probe
penetrating the SAMs and the top-electrode of GaO="¢/EGaln
was biased from 0V - 10V -0V > —-1.0V - 0 Vwitha
step size of 50 mV. In this bias range, the junctions are stable
and the yield in nonshorting junctions is ~90% (as shown in
Supporting Information). To study R as a function of bias, we
reduced the step size to 25 mV and increased the bias range to
+1.2 V; this increase of the bias range decreased the yield of
nonshorting junctions to ~71%. We recorded and analyzed
statistically large numbers of J(V) curves (450—524 traces)
following previously reported procedures. To the histograms of
logyolJl (and logoIRI) we fitted Gaussians to determine the log-
mean values of J (or R) and their log standard-deviations (alog).
The Z-test was used to calculate the 95% confidence intervals
(see page SS in the Supporting Information).

To characterize the stability of the diodes, we used EGaln
top-electrodes stabilized in a through-hole PDMS (polydime-
thylsiloxane; the fabrication is detailed in ref 44) and cycled the
applied voltage for 1500 times (one cycle=0V - 1.0V >0V
— —1.0 V > 0 V). The details of the fabrication of the top-
electrodes and junctions can be found in ref 44 and the
Supporting Information. Figure 3A—C show the 1500 J(V)
traces (cycles) of all three SAMs. According to the data in
Figure 3D, R (at +1.0 V) remained unchanged during this
experiment apart from a small decrease in current (see
Supporting Information, Figure S11). This observation of
stable rectification from the SAMs with the biferrocenylene
terminal groups is in good agreement with the redox stability of
these SAMs monitored by CV measurements.*’ The fact that
the values of R do not change as a function of the cycle number
despite the large applied bias indicates that the Ga,0™ layer
does not change, i.e., anodic growth of the Gazog"“Cl layer does
not occur.*’

Figure 4 shows the log-average J(V) traces, the values of R
versus V, and histograms of R for applied V at the highest value
of R (R, of the three types of junctions. The most striking
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observation is that the junctions with Fe=F¢’ SAMs perform
poorly with an R, = 10.2 (6j,, = 2.6) at £1.150 V while the
other diodes have higher values of R,,,, of 6.1 X 10> (6}, = 2.3)
at +1.125 V for junctions with Fc—Fc and 1.1 X 10° (alog =
2.4) at +0.875 V for junctions with Fc=Fc" respectively. This
large difference in R, is caused by the large leakage current
(that is, the current at positive bias) for junctions with SAMs of
Fc=Fc”. (The values of ] when the diodes are in the on-state,
that is, at —1.2 V, are similar for all the junctions.)

To investigate the mechanism of rectification in more detail,
we determined the bias dependency of the value of R over the
bias range of +1.2 V (Figure 4G—I). We make two important
observations. The turn-on voltage (defined as the voltage at
which the value of R increases sharply as indicated by the
vertical bars in Figure 4G—1I) is smaller for junctions with Fe=
Fc* (0.225 V) and Fe=Fc? (0.225 V) and slightly larger for
Fc—Fc (0.250 V) junctions. Beyond 0.6 V, another sharp
increase of R is visible for all three SAMs as indicated by the
second vertical bar, for Fc—Fc at 0.625 V, Fc=Fc* at 0.650 V
and Fc=F¢’ at 0.900 V.

We explain these observations as follows. The turn-on values
are directly related to the OE; values and decrease with
decreasing 0Ey;. In other words, the HOMO level is close in
energy to the Fermi levels and can fall within the energy
window defined by the two Fermi-levels of the electrodes at
relatively low applied bias. Although the exact values of 0Eyyg
inside the junctions will likely be smaller than the ones
measured by UPS,* it seems that the values measured by UPS
correlate well with the turn-on voltages of the junctions. Now
the HOMO—-1 comes into resonance providing a second
tunneling channel, that is, through the HOMO and HOMO-1
orbitals. Consequently, these diodes with two conduction
channels have a factor of ~10 higher currents in the on-state
than diodes based on SC; Fc with only one conduction
channel*®*%** (the leakage currents of these two systems are
similar) causing the 10-fold improvement in the value of R.

So far we have ignored the role of the LUMO levels in the
mechanism of rectification because of the large HOMO—
LUMO gap as explained above.”>*” One could argue that due
to renormalization®® ™ of the energy levels (induced by
charges on the molecule and the corresponding image charges
in the electrodes during charge transport) the LUMO levels
may be important during charge transport. The difference in
energy between the HOMO and HOMO-—1 orbitals can be
estimated from the R(V) plot and is roughly 0.4 eV for
junctions with Fc=Fc® (where the two steps are clearly visible
in the R(V) plot). This value is about 1.5 times smaller than the
value estimated by CV or UPS which could be the result of
renormalization. In this case, the HOMO—-LUMO gap would
also be smaller by a factor of 1.5. Thus, during charge transport
the LUMO would be lowered (estimated by NEXAFS) to 1.3
eV above the Fermi-levels. The decrease in the value of R at
large applied bias (which is clearly visible in Figure 4I) might be
an indication that the LUMO participates in the mechanism of
charge transport. Other factors, however, such as broadening of
the HOMO level once contacted with top-electrode™ or a
finite potential drop at the SAM//top electrode interface,”
could also cause a reduction of the value of R at large applied
bias.

To explain the poor performance of the junctions with SAMs
of Fc=Fc’, we have to take the supramolecular structure of the
junction into consideration. On the basis of the UPS and CV
results, the electronic properties of both Fe=Fc” and Fc=Fc”
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junctions are similar but yet their performance vastly differs.
From a supramolecular point of view, the Fc=Fc” moiety with
the alkyl chain connected to the 3-position displays a low value
of a which, consequently, results in large steric repulsions
between neighboring Fc=Fc units and thus lower SAM
packing energies. Such loosely packed SAMs are prone to
defects during the fabrication of the junctions resulting in large
leakage currents and consequently low values of R. In contrast,
an alkyl chain in the 2-position of Fc=Fc results in molecular
diodes with very good properties. Thus, an apparently small
change in the chemical structure can have a dramatic effect on
the supramolecular structure of the SAM, while leaving the
electronic structure almost unchanged, which in turn result in a
dramatic change in the performance of the molecular diodes in
terms of rectification ratios.

In summary, we found that EGaln junctions with SAMs of
Fc=Fc" rectify currents with large values of R ~ 1.1 X 10° at
0.875 V. This large value of R was achieved by a combination of
three factors: (i) optimization of the electronic structure to
minimize the turn-on voltage, (ii) optimization of the
supramolecular structure to minimize the leakage currents of
the junctions, and (iii) involvement of two molecular orbitals
(HOMO and HOMO-1) in the mechanism of rectification to
increase the currents in the on-state. Although these improve-
ments demonstrate that molecular diodes can have large
rectification ratios, the values reported here are still lower than
those of commercially available Si-based diodes. However, the
results shown here indicate that molecular diodes with large
values of R are possible and that perhaps further improvements
may result in molecular diodes with even larger values of R.
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