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n the pursuit of organic electronics,'

better performance can be obtained

by improving the transport properties
at the anode—donor, donor—acceptor, and
acceptor—cathode interfaces. Within a con-
ventional bulk heterojunction photovoltaic
device, these types of interfaces are present
in extreme numbers, with significant varia-
tion, and are nearly impossible to characte-
rize. A single acceptor—donor molecule co-
valently bound to electrodes including all
three of these interfaces may be used as a
model to understand interfacial transport
in the context of a metal—molecule—metal
heterojunction. In a pioneering study more
than three decades ago, Aviram and Ratner
first proposed that donor-g-acceptor mole-
cules might behave like diodes.? In recent
years, measuring transport in single-mole-
cule junctions® has become possible with
advances in nanoscale manipulation, and
the conductance of several molecular junc-
tions® has been investigated. Since then,
suggestions that light can couple with
molecular heterojunctions>® has rekindled
interest in molecular diodes, or molecules
with rectifying behavior.”® Conductance
measurements observing rectification have
been performed on self-assembled mono-
layers (SAMs)°~'® and in single-molecule
junctions.'” 2 Furthermore, inverse rectifi-
cation has also been theoretically predicted®'
where it is argued that asymmetric coup-
ling of the molecule to the electrodes is
primarily responsible for the inverse affect.
In addition to asymmetric molecules, rectifi-
cation has been reported in symmetric mole-
cules where the electrode material varied.'”'®
In single-molecule measurements, scanning
tunneling microscope (STM) break junc-
tions, conducting atomic force micro-
scopes (CAFMs), mechanically controlled
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ABSTRACT The transport properties of a
junction consisting of small donor—acceptor
molecules bound to Au electrodes are studied
and understood in terms of its hybrid donor—
acceptor—electrode interfaces. A newly
synthesized donor—acceptor molecule con-
sisting of a bithiophene donor and a naphtha-

lenediimide acceptor separated by a conjugated phenylacetylene bridge and a nonconjugated

end group shows rectification in the reverse polarization, behavior opposite to that observed in

mesoscopic p—n junctions. Solution-based spectroscopic measurements demonstrate that the

molecule retains many of its original constituent properties, suggesting a weak hybridization

between the wave functions of the donor and acceptor moieties, even in the presence of a

conjugated bridge. Differential conductance measurements for biases as high as 1.5 V are

reported and indicate a large asymmetry in the orbital contributions to transport arising from

disproportionate electronic coupling at anode—donor and acceptor—cathode interfaces. A

semi-empirical single Lorentzian coherent transport model, developed from experimental data

and density functional theory based calculations, is found to explain the inverse rectification.

KEYWORDS: molecular diode - inverse rectification - donor—acceptor molecule -

single-molecule conductance

break junctions, cross-wires, and electromi-
grated break junctions are common tools.*?
Of these techniques, CAFM has the benefit
of using force as the feedback mechanism,
decoupling the electrical measurement from
the control mechanism.

RESULTS AND DISCUSSION

Herein, we report our observations of a
newly synthesized molecule consisting of a
bithiophene donor and a naphthalenediimide
acceptor separated by a phenylacetylene
bridge (bithiophene—phenylacetylene—
naphthalenediimide—dithiol (BPNDT); Figure 1);
synthetic details are available in the Sup-
porting Information. Transport measurements
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Figure 1. Simplified energy level diagram of the metal—
molecule—metal heterojunction. (a) Structure of the junc-
tion: the molecule is connected to the anode (tip) and to
the cathode (substrate) through thiol binding groups.
The bridge (green) breaks the conjugation of the wave
functions between the donor and acceptor parts of the
molecule. (b) Schematics of the expected local density of
states (LDOS). The states under the Fermi level are occupied.
Due to the bridge and their localization on one side of the
molecule, the molecular levels are more coupled to one side
of the junction.

are carried out using a modified CAFM technique pre-
viously developed by Morita et al.* A SAM of decan-
ethiol is initially created on a smooth conducting sub-
strate using a mechanically stripped silicon template
technique.** %% We obtain near atomically flat sub-
strates with an rms roughness of 1.68 + 0.18 A over a
scan area of 50 x 50 nm. After the formation of the SAM
in a decanethiol solution, the BPNDT molecules were
inserted into the defects of that SAM again using a
solution-based self-assembly. In this step, the BPNDT
molecule has a trimethylsilyl (TMS) group protecting
the thiol closest to the donor. Since only one thiol
bonding group (closest to the naphthalenediimide) is
exposed, the molecule will preferentially orient itself
with the acceptor bound to the substrate. Upon bond-
ing to the substrate, the protecting TMS group is
removed using a solution of tetra-n-butylammonium
fluoride, exposing a free thiol pointing up away from
the substrate. The substrate is then placed in a solution
of 5 nm Au nanoparticles (NPs) allowing the unpro-
tected end of BPNDT to covalently bond to a NP. Au
NPs are synthesized®*?” and coated with n-tetraoc-
tlyammonium bromide ligands. It is believed that the
thiol—Au bond is stronger than the ligand—Au bond,
and it is expected that BPNDT will displace the ligand,*®
allowing the NP to become anchored to the BPNDT. As
a final step, contact is made to the NP using a CAFM.
This entire preparation process is summarized in Figure 2
(details in the Supporting Information).

Figure 3 consists of a sequence of AFM images taken
after each phase of assembly described in Figure 2.
The SAM survives the assembly, and BPNDT molecules
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appear to have preferentially attached at the SAM grain
boundaries, consistent with the expectation that
BPNDT binds strongest to SAM defects. After removing
the TMS protection group, the AFM image sharpness is
reduced, attributed to free thiols interacting with the
AFM tip. (When exposed thiol bonding groups are not
present, the NPs do not bond to the surface, as shown
in Figure 3e.) A number of 5 nm Au NPs are observed.
Lateral AFM tip broadening (tip radius ~30 nm) depicts
the NPs as being larger (~60 nm) than 5 nm; however,
the size of the NP can be confirmed using the vertical
color bar. While this self-assembly contains multiple
steps, it can produce repeatable results with areal
control using solution processes for longer molecules—
such as BPNDT—that protrude above the host
SAM and that do not naturally form an ordered
monolayer.

When the AFM tip is in contact with the NPs, thermal
drift presents a challenge in creating reproducible and
controllable measurement. To overcome this, several
tapping (AC) images of the NP surface are captured
prior to contact. Between sequential images, a built-in
image comparison program is used to analyze the
images and determine the lateral drift rates. The lateral
piezoactutators are then ramped to follow these drift
rates. Using this drift compensation routine, NPs on the
image remain fixed to within the tip radius (i.e., no
perceptible movement) over hour time scales at room
temperature operation. Sets of five NPs are visually
selected for contact from these images. Automated
contact to each of the NPs is made with a force of 7—13
nN. Upon contact to each NP, 10 trianglular current—
voltage (IV) sweeps are carried out at a sweep rate of
20 kHz to minimize the capacitive (C ~ 10 pF) hysteresis
of | = CdV/dt between the cantilever and the substrate.
The average of these 10 sweeps is then taken as the IV
trace for that molecular heterojunction. After complet-
ing the set, additional images of the surface are
gathered to guarantee that the sample was not per-
turbed during contact. Sets that visually showed alter-
nations (e.g., Au flaking from the AFM tip) are excluded
from analysis. In this manner, ~75 molecular hetero-
junctions spanning three separate samples are
analyzed.

IV characteristics obtained from a sample junction
are shown in Figure 4a; larger currents are seen to
be present under negative bias. Since the TMS group
protects the thiol bonded to the donor, the molecular
orientation is controlled so that the acceptor binds to
the substrate, and the NP (and tip) makes contact with
the donor. This orientation control, built directly into
the synthesis of the molecule, allows the unambiguous
definition of forward bias as positive voltages in which
the tip is biased relative to the substrate. Under
forward bias, the chemical potential of the substrate
is greater than that of the tip, and electrons flow from
substrate to tip. Interestingly, the molecular junction
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Figure 2. (a) Substrate preparation: (i) silicon wafer acts as a template where (ii) 200 nm of Au is sputtered onto the surface.
(iii) Next, an epoxy-coated glass microscope cover slide is placed directly onto the Au and allowed to cure. (iv) Substrate is
mechanically cleaved from the silicon template exposing a (v) fresh, nearly atomically smooth, Au surface. (b) Sample
preparation: (i) SAM of decanethiols forms on the Au surface in a toluene solution. (ii) In another toluene solution, the
donor—acceptor molecule directionally inserts into the defects of the SAM since only one bonding group is exposed.
(iii) Protection group is removed in a separate toluene solution process, and then the substrate is immersed in a toluene
solution of Au NPs (iv) which then bind to the newly exposed binding group of the donor—acceptor molecule. (v) Finally, a Au-
coated AFM cantilever contacts the Au NP forming a metal—molecule—metal heterojunction (see Supporting Information for

details).

exhibits higher conductance under a reverse (nega-
tive) bias, with electrons flowing opposite to the mole-
cular dipole moment. Evidently, the electrons flow
from the tip through the donor, then the acceptor,
and into the substrate. This behavior is opposite to that
of a macroscopic p—n junction, where more current
(and enhanced conductance) is observed when elec-
trons flow from the n-type semicoductor (acceptor
analogue) through the p-type material (donor an-
alogue). Similar to diodes however, asymmetric IV
traces with the same polarity are present in every
molecular junction.

Taking the IV traces from each heterojunction, the
rectifying behavior and the differential conductance
(di/dV) of these systems can be explored further. A
rectification ratio, RR, is defined as the positive ratio of
currents of the IV traces at various positive and nega-
tive bias voltages, V

—I(—V)
(V)

_ _lreverse

RR(V) =

Iforward

The RR is determined for every sweep for several
values of V and then histogrammed, which is repre-
sented by the color map in Figure 4c. Since each
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heterojunction may be different (e.g., molecular orien-
tation, contact, etc.), we determine the RR for each
heterojunction. The RR obtained from the average IV is
nevertheless similar. The RR value appears to increase
with increasing bias and crosses a RR = 1 threshold
around 0.6 V, which is consistent with the shape of the
characteristic IV trace in Figure 4a. While the rectifica-
tion ratio is small, which suggests that this is a weak
molecular diode, under biases greater than 1V, all
heterojunctions appear to have a RR > 1. At 1V, the
average RR is 1.2 and appears to increase at higher
biases. As defined, RR > 1 suggests that the rectification
is opposite that of semiconductor diodes based on
p—n junctions, where the RR would be defined as the
ratio of the forward to reverse bias current (which for
p—n diode would be strictly <1). This suggests that the
direct analogue to p—n diodes is inappropriate for
these single-molecule rectifiers, and another descrip-
tion is necessary.

To gain insight into the electronic structure of junc-
tion, we examine the gas- and solution-phase spec-
troscopy of BPNDT using a combination of theory and
experiment. Density functional theory (DFT) calcula-
tions are performed to explore the spatial character of
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Figure 3. AFM images of sample surface at different stages
of the molecular assembly process. Images are acquired in
tapping mode (i.e., AC mode) interacting with attractive
forces between the tip and the sample. The length scale bar
is the same for all images, but the color bar is only common
to a—c and common to d,e. (a) DeT SAM on Au substrate;
large grain boundaries are visible. (b) DeT SAM after allow-
ing protected P—N molecules to bind in SAM defects. Large
agglomerations appear to concentrate on grain boundaries.
(c) DeT SAM and donor—acceptor molecules after protec-
tion groups are removed. Large agglomerations still appear
at grain boundaries. Images tend to appear slightly less
sharp, and it is speculated that the exposed thiol end
groups interact more strongly with the AFM tip causing
blurring. (d) NPs adhere to the surface via exposed thiol
bonds even after a vigorous rinse. The AFM tip broadening
artifact is observed, but the color bar confirms the size of
NPs. (d) DeT SAM immersed in NP solution and then rinsed;
Au NPs do not appear to adhere to the sample because
there are no exposed thiols.

the frontier orbitals of BPNDT molecule with thiol
end groups (see Supporting Information for calcula-
tion details). Figure 5 shows the last few occupied
and first few unoccupied orbitals computed with
DFT. The hybridization between the donor and accep-
tor moieties is quite limited: the highest occupied
molecular orbital (HOMO) lies principally on the donor
(i.e., bithiophene), with negligible weight on the ac-
ceptor (i.e.,, naphthalenediimide), and strongly hybri-
dizes with the thiol end group. Strong spatial local-
ization on either the donor or acceptor and weak
hybridization across the bridge are observed for the
other frontier orbitals, as well: the lowest unoccupied
molecular orbital (LUMO) sits on the acceptor, and
LUMO-+1 sits again on the acceptor. The HOMO-1
orbital is entirely localized on the thiol end group on
the acceptor side, and thus it in particular would not be
expected to affect junction transport properties. Ob-
serving that all frontier orbitals are spatially localized to
one side of the molecule lends strong support to the
simplified level diagram in Figure 1.

Comparisons of UV—vis spectra of BPNDT in solution
(Figure 4b) support a picture of weak hybridization
between donor and acceptor states in these molecules.

YEE ET AL.

A broad peak in BPNDT's absorption spectrum is pre-
sent at 3.4 £ 0.3 eV, similar to the naphthalenediimide
constituent's absorption maximaat3.3+0.1and 3.5 £
0.1 eV. Emission spectra are collected upon excitation
at 3.80 £ 0.02 eV, and increasing the excitation fre-
quency results in negligible change in the spectra.
A single peak in the BPNDT's emission spectrum at
2.7 + 0.3 eV closely resembles that of naphthalenedi-
imide with a small blue shift. (The smaller peaks
Figure 4b at 325 and 650 nm are harmonics of the
excitation.) The absorption peak of the donor consti-
tuent at ~4.1 eV is absent in the combined molecule,
consistent with the DFT calculations which showed
that the HOMO of the donor is strongly affected by the
presence of the end group. Further, once hybridized
with the phenylacetylene bridge and the thiol end
group, and in the presence of solvent, the donor
moiety absorption would be expected to red shift,
resulting in an absorption peak on the donor side
indistinguishable from the broad acceptor peak. Newly
available “charge transfer” states, resulting from the
HOMO of the donor and the LUMO of the acceptor,
would be expected to appear at low energy in the
absorption or emission spectra. The lack of an absorp-
tion or emission significantly red-shifted suggests that
such states have an extremely weak optical cross
section, resulting from a negligible overlap and a
corresponding negligible dipole transition matrix. With
these measurements and DFT calculations, we con-
clude that the phenylacetylene bridge moiety effec-
tively decouples the donor and acceptor molecular
orbitals.

Given the spectroscopy and DFT calculations above,
a hypothesis of the junction electronic structure is
posed, as shown in Figure 1. With this junction elec-
tronic structure, a straightforward single-Lorentzian
Landauer expression for the current—voltage charac-
teristic, coupled with the DFT calculations and solution-
phase spectroscopy, can explain the measured
transport data. In the Landauer formalism, charge
carriers tunnel coherently through the junction with
an energy-dependent probability given by the trans-
mission function, 7. Neglecting inelastic scattering
events, and assuming that the tunneling is fast com-
pared with typical vibration frequencies, the current
;5 induced by an applied bias V;_, between elec-
trode 1 and electrode 2 is given by

+ |V = 5l/2

(Vi —3) = sign(V; —2)60/ T(w, E(Vi —2))dw
-V -21/2

(1

where Gy = 2e%/h is the quantum of conductance
and w is the energy of the electron participating in
transport through a single bias-dependent reso-
nance level E(V;_,). If we consider the case of well-
separated molecular energy levels, one can write the
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Figure 4. (a) Characteristic IV curve of a metal-molecule—metal junction showing the average IV curve over 10 traces.
Asymmetry in the IV curve is visible and agrees with polarity predicted in theory. (b) Absorption (blue) and emission (red)
spectra of donor—acceptor molecule (top) and of constituent molecules (bottom) in toluene. The donor—acceptor molecule
has spectral characteristics that are most similar to the acceptor constituent spectrum which exhibits two absorption peaks.
(c) Average rectification ratio (red) and underlying color map depicting the rectification ratio distribution of individual

junctions.
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Figure 5. Gas-phase DFT calculations depicting the localization of molecular orbitals around the bithiophene donor or
naphthalene acceptor. This depiction suggests that the wave functions weakly overlap and that the molecule should exhibit

rectifying behavior.

transmission function as

4712

,E(Vi _))) =
e BV =) = G e —Ev )P

(2)

where the coupling of the level to the closest lead is
given by T and to the furthest lead by AT" where, by
convention, 4 < 1.

The energy gap within the molecule will determine
much of its transport characteristics. The computed
gas-phase energy gap or difference between ioniza-
tion potential and electron affinity—which refers to

the removal or addition of an electron—is 4.49 eV
for BPNDT (see Table 1). Computed energy gaps of
the thiol-donor-bridge and acceptor-thiol moieties
are 6.61 and 6.10 eV, respectively, and imply a gas-
phase level offset between the donor HOMO and
acceptor HOMO of around 1.5 eV. Upon junction
formation, we expect that the gap will be further
reduced by static polarization from the metal
electrodes.?® Using an electrostatic “image charge”
estimate and different molecule—electrode geome-
tries (see Supporting Information), we expect that

N
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TABLE 1. ASCF Results for the Isolated Fragments and the
Complete Molecule®

ionization electron energy

potential (eV) affinity (eV) gap (eV)
donor fragment 742 0.81 6.61
acceptor fragment 8.63 2.50 6.13
complete molecule 7.04 2.55 449

“The calculations for the donor fragments were done separating the molecule in
two parts and passivating the end with hydrogen. The donor fragment then consists
of the thiol end group coupled to the bithiophene and the phenylacetylene bridge;
the acceptor fragment consists of the naphthalenediimide and a thiol end group. All
calculations were performed using the software Qchem, with the energy of the
relaxed structures given by B3LYP approximation on the exchange and correlation.
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Figure 6. Average differential conductance di/dV of the
molecule (red) and the underlying color map corresponds
to histograms fit to the experimental data of the one level
model (blue). Inset: Schematics of the local density of states
under finite bias. Due to the electric field present in the
junction at finite bias, the energy of the levels changes as a
function of their coupling with the leads. The forward
polarization tends to reduce the intramolecular dipole
and pulls the levels out of the bias window (yellow dashed
line). The reverse polarization increases the intramolecular
dipole and pushes the HOMO inside the bias window.

electrode polarization narrows the gap by about
0.8 eV. Furthermore, cyclic voltammetry measure-
ments of BPNDT in solution with a Pt electrode
(similar work function to Au) would place the
HOMO's energy 1.4 eV below the Fermi level. This
suggest that, with the +2 V bias window, at most
oneresonant level ~2 eV from the Fermilevel will be
observed, substantiating the hypothesis of a single
transmission channel. Furthermore, if this resonant
energy level is bias-dependent, then the applied
bias will force this resonant channel either into or
away from the bias window, resulting in a rectifying
behavior opposite of the expected mesoscopic be-
havior of a p—n junction. In this case, direct but
highly asymmetric coupling between both electro-
des and each of the MOs is present, and rectification
can be explained by a single bias-dependent fron-
tier orbital energy level.

YEE ET AL.

To validate this picture, the numerical derivative of
individual IV characteristics is performed to produce
differential conductance traces. Histograms of these
traces taken at discrete voltages are created and illu-
strated in a color map in Figure 6. Below, we develop a
minimal physical model that can explain the differen-
tial conductance experimental data and inverse recti-
fication. We assume a linear dependence of the reso-
nant transmission level with bias

a
E(Vy —3) = 5V1 2tk (3)

where E, represents the position of the molecular
orbital at zero bias and o = +1 corresponds to the
level moves rigidly with the chemical potential of an
electrode (Tersoff—Hamann limit), while a. = 0 indi-
cates that the energy of the molecular orbital is bias-
independent. Next, the differential conductance can
be expressed, in this simple Landauer picture, as

dnv 1
# = 2GoAI? V+a 5
V=n 2 r2+4<Eo+ “2x(1+a))
1 -«
+ v 5 (4)
r2+4( — Eot——2 x (1 —a)>

This expression provides a good fit to the average
differential conductance with the parameters: o =
—0.19,2=38x 10> T=131¢eV,and F, = —1.9 eV.
Consistent with expectations, the molecular orbital
energy is below the Fermi level, indicating that the
transmission is dominated by the HOMO, and the field
moves the HOMO with ~20% efficiency, in line with
the computed dipole matrix element in the gas phase;
the ratio A between the strongly and weakly coupled
leads is ~107>, which follows from the strong spatial
separation of the HOMO and LUMO computed from
DFT. Thus overall, this fit is highly consistent with our
DFT calculations, spectroscopy experiments, and elec-
trochemical measurements on BPNDT.

Most importantly, the coherent tunneling model
described above provides an explanation of the in-
verse rectification. From Figure 1, the reverse polariza-
tion drives the HOMO of the donor toward the bias
window, and the forward polarization pushes it away
from the bias window, resulting in a larger current for
reverse bias, as experimentally observed. The magni-
tude of the current is tied to the position of the
resonance energy Eq, and coupling T; the level energy
Eo must be close enough to the Fermi level and the
coupling I must be large enough to yield observable
current. The low peak height (1) at resonance is
rigorously connected to the small A associated with
the donor's HOMO being much more strongly coupled
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to the NP than to the substrate. This picture of trans-
port suggests that rectifying behavior of BPNDT origi-
nates, in this case, with the strength and asymmetry of
the orbital coupling and the alignment of orbital
energies with the junction Fermi level.

CONCLUSION

In summary, a newly synthesized molecule con-
structed from a bithiophene donor, naphthalenedii-
mide acceptor, and phenylacetylene bridge is demon-
strated to operate as a bipolar molecule. By a robust

METHODS

Au NPs were carefully synthesized following similar proce-
dures previously reported in literature,”>?” and details are
reproduced in the Supporting Information. Au substrates were
prepared using the template-stripped gold technique pre-
viously reported in literature,>*~?® and details are reproduced
in the Supporting Information. The AFM tips were modified
from commercially available Olympus AC240TS silicon AFM
cantilevers (spring constant ~2 N/m, tip radius ~9 nm) follow-
ing the procedure outlined by Morita.®> The P—N molecules
were synthesized in-house, and a detailed description is found
in the Supporting Information. Samples were prepared by
immersing a freshly stripped Au substrate in a 0.1 mM decan-
ethiol anhydrous toluene solution for 5 h. Next, the substrate
was rinsed with anhydrous toluene and immersed in a 0.1 mM
P—N molecule anhydrous toluene solution for 12 h. Again, the
substrate was rinsed with anhydrous toluene and then im-
mersed in an anhydrous ethanol solution of tetra-n-butylam-
monium fluoride (TBAF) for 1 h. This removed the protection
group and exposed a thiol end group. Next, the substrate was
rinsed in anhydrous ethanol and then immersed in a toluene
solution containing the Au NP for 30 min. The NP solution was
added dropwise to toluene until the UV—vis absorption optical
density (o.d.) in a T cm cuvette was ~0.2 at the plasmon
resonance peak (approximately 0.1 mL of NP solution in
10 mL of toluene). The substrate was thoroughly rinsed one
final time with anhydrous toluene, stored under N, for trans-
port, and then measured immediately in the AFM chamber and
measured as discussed in the Results and Discussion section
using an Asylum MFP3D AFM. Solid-state data analysis was
performed on 77 junctions from three separate samples (i.e., 26,
27, and 24 junctions in each sample). The ~5% of junction
acquired (notincluded in the previous tally) had traces with either
(i) zero current or (ii) saturated current attributed to a situation
where (i) a metal—molecule—metal junction was not formed or
(ii) a short between the tip and substrate occurred due to AFM
snap-in; these traces were excluded from analysis. All measured
molecular junctions, however, showed the same reverse rectifica-
tion behavior suggesting a high yield on the orientation control.
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self-assembling CAFM technique, this molecule exhi-
bits rectification over a wide range of voltages. A
simple single-level coherent tunneling model was
able to explain the differential conductance and
rectification, suggesting both are highly sensitive to
the position of the level relative to the contact Fermi
level and the strength of orbital—electrode coupling
and its asymmetry. This work further suggests that
a suite of molecules can be synthesized to fur-
ther explore connections between junction electronic
structure and rectification.
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