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We report of a high yield method to form nanopore molecular ensembles
junctions containing ~40,000 molecules, in which the semimetal bismuth (Bi)
is a top contact. Conductance histograms of these junctions are double-
peaked (bi-modal), a behavior that is typical for single molecule junctions but
not expected for junctions with thousands of molecules. This unique obser-
vation is shown to result from a new form of quantum interference that is inter-
molecular in nature, which occurs in these junctions since the very long
coherence length of the electrons in Bi enables them to probe large ensembles
of molecules while tunneling through the junctions. Under such conditions,
each molecule within the ensembles becomes an interference path that
modifies via its tunneling phase the electronic structure of the entire junction.
This new form of quantum interference holds a great promise for robust novel

conductance effects in practical molecular junctions.

An electron wave transmitted through a conductor’s orbital acquires a
phase, 0, which provides information complementary to the trans-
mission probability T =t]>, with t being the transmission amplitude’*:
t=+/Te. Control and manipulation of this phase enables to modify
transport properties by quantum interference (QI). In single-molecule
junctions (SMJs), since the size of the metal contacts is comparable to
Ar, the Fermi wavelength within the leads®~, a single transverse mode
(Nmodes = 1) probes a single molecule (Npojecutes = 1). This single inci-
dent electron wave at the Fermi energy, Ef, tunnels via the multiple
molecular orbitals (MOs) of the molecule, each with a transmission
probability of Ty, while experiencing a phase shift 6, relative to the
incident wave®'?. The overall transmission probability can then be
described by":

TE)=XTHE)*2Y OO0/ T(E)T (Ef) 1)

with the second term describing what we term here as intra-molecular
QI that may either increase or decrease the probability of tunneling
(Fig. 1a). If, for simplicity, the transmission probability depends on only
two MOs, when there is no phase difference between these two paths
then Ql is constructive and T(£g) is high and if the two phases differ by
1, then Ql is destructive and T(Ej) is low. Experimental verification of QI
in SMJs"™ has been motivated by prospect harvesting of this

phenomena for applications such as highly efficient thermoelectric
devices" and extremely small perfect insulators®, as well as for
inducing properties such as highly non-linear I-V characteristics'®. The
main challenge for the realization of these applications is precise
control of the parity of the MOs that dominate the transport
properties, as well as of their energy position relative to the Fermi
energy®.

In contrast to SMJs, in metal-based molecular ensembles junctions
(MEJs), since A is also typically comparable to the distance between
molecules”?° (Fig. 1b) the number of conductance modes is in the
order of the number of assembled molecules (N = Nmodes = Nmolecules >
1). The overall conductance of the ensemble is then described by:
G(Ep)=>N ,G.+(Ef), where G is the effective conductance of each
individual molecule. The individual conductance values can still be
manipulated by intra-molecular Ql, i.e., by varying their internal
structure, however, since the molecules in MEJs are within close-
packed ensembles, their Gfeﬂc could also be affected by processes such
as local crosstalk”, electrostatic interactions®” and dephasing
effects?.

While SMJs are a wonderful spectroscopic tool to probe the fun-
damentals of quantum transport in molecular junctions, it is clear that
due to their limited stability, they are most likely not suitable for
prospect applications and the future of molecular devices is more
likely to be based on MEJs”*°, Motivated by this practical reasoning
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and since QI holds a great promise for many applications, we are
looking for QI effects that go beyond the intra-molecular scale and
instead utilize interference phenomenon within MEJs that emerge
from the collective properties of the ensembles within these junctions.
For this purpose, here we show that one approach towards this goal is
to devise MEJs based on leads with a long Arand consequently Npodes <
Niolecules (Fig. 1c). Under such junctions, each of the tunneling elec-
trons through such junctions simultaneously and coherently probe
ensembles of molecules in a process that can be termed inter-
molecular QL. In this process, each of the interfering tunneling paths
instead of being an MO, as in SMJs, is instead a molecule within the
ensemble that modifies via its total tunneling phase the electronic
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Fig. 1| Intra versus inter quantum interference. a Intra-molecular Ql is a result of
the various interfering paths (MOs) of a single transverse conductance mode within
the leads through a single molecule. b In MEJs, where the distance between
molecules is comparable to the phase coherence length of the electrons at the
Fermi energy, intra-molecular QI can prevail in each molecule but the ensemble as a
whole does not contribute to the interference properties. ¢ Inter-molecular QI takes
place in MEJs based on leads in which the electrons has a sufficient long A to
coherently probe by tunneling large ensembles of molecules. Interference in this
case depends on the tunneling phase of each of the molecules within the
ensembles.

Fig. 2 | Structure and fabrication of the MEJs. The fabrication scheme is outlined
in Methods. a Schematic presentation of a junction with its (not drawn to scale)

dimensions. b An optical image of a device containing 31 junctions. The Au features
are covered by an Al,O; layer and a pore is formed at the end of each Au lead (within
an area such as the one marked by the red rectangle). ¢ An AFM image of one pore

structure of the entire junction. This new tool to engineer QI con-
ductance effects does not necessarily require molecules with pre-
defined intra-molecular QI. We therefore demonstrate the existence of
inter-molecular QI using a well-studied system of a self-assembled
monolayers (SAMs) of alkane dithiols****?® by revealing a previously
unresolved bi-modal behavior in their conductance properties. We
argue that this bi-modal conductance behavior, which is typical to
SMJs and entirely not expected in junctions with thousands of mole-
cules, is a direct result of the sensitivity of the transport properties in
these newly introduced MEJs to QI associated with the phases acquired
by electron waves tunneling coherently and simultaneously through
ensembles of molecules.

Results
Fabrication and characterization of junctions
The junctions are based on a nanopore structure” with Au as a bottom
contact and the semimetal Bi as a top contact. The two key properties
of Bi that are essential for this study are its small density of states
DOSg;- 4.2 x 107 states eV atom™ at the Fermi level” and its long
Fermi wavelength of 12-30nm®. Figure 2a depicts a schematic pre-
sentation of a typical junction, and Fig. 2b—d describe concisely their
fabrication protocol. The SAMs in all junctions are based on alkane
dithiols, HS-(CH,),-SH, with n=6, 8, 10 assembled on a Au bottom lead
(see Methods). It is very unlikely that crosstalk exists between such
molecules once assembled, which is important since such a process
could potentially alter or totally mask inter-molecular QI*.
Considering the size of the junctions (see typical AFM image in
Fig. 2¢) and using a density of -4 molecules nm™ in SAMs on Au®’, the
number of molecules in each junction is estimated to be ~-40,000.
The are two reasons for the use Au as the bottom lead in all
junctions: (a) The density of alkane-thiol SAMs on this metal is known?®
and as will be shown below is important for the quantitative analysis of

with its characteristic dimensions. d A device after Bi evaporation via a shadow
mask. e A TEM image of a Bi layer deposited under the same conditions used for the
top contact to the junctions. The grains of the layer are all several tens of nan-
ometers in size. f The diffraction pattern of the red rectangle in e, which is typical
for all measured grains, reveals Bi metal with a <111> orientation.
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the bi-modal behavior observed in the junctions. (b) The coupling of
the molecules to the leads, which in turn affects their conductance,
depends on the density of states in the leads. The higher density of
states in Au as compared to Bi, results in measurable conductance
values. The use of Bi for both leads is expected to result in too-low
conductance values when alkane chains are used.

The use of Au with its short Fermi wavelength of ~0.5 nm, on one
side of the junctions, does not affect the inter-molecular QI in the
junctions. The contact resistance between two leads with N and M
transverse modes is: R~ 5% (& + 1), where h is Planck’s constant and e
the charge of an electron’. Since for the given geometry of the junc-
tions the number of modes in Bi is orders of magnitude smaller than in
Au (see discussion below), the entire behavior of the junctions is
governed only by the Bi lead. Simulations (see Methods) also verify this
argument.

As the effective length of /lfﬁi is critical to the new approach of
inter-molecular QI, the crystalline structure of the top Bi contact needs
to be of high quality, i.e., without any defects or contaminations which
could decrease Ag’. This has been verified by analysis of transmission
electron microscope (TEM) images of Bi films evaporated under the
same conditions used for the junctions, which show large grains
(Fig. 2e), all with a <111> structure devoid of any oxygen contamina-
tion (Fig. 2f).

The yield and electrical quality of the junctions were initially
evaluated by electrical measurements at room temperature under
vacuum, following a previously suggested sorting protocol®. Junc-
tions with a conductance larger than the quantum of conductance,
Go =2€*/h, were discarded on the basis that their conductance is most
likely due to a direct Bi-Au contact. This reasoning for the initial
sorting process holds only for measurements performed at room
temperature since at cryogenic temperatures atomic-sized Bi con-
tacts could have a sub-1G, conductance due to quantum
confinement®. All junctions chosen by the above initial criteria, were
further analyzed by characterizing the linearity of their I-V curves®,
using their resistance at two bias values, Rsomy and R3oomy- Curves
with  6=[1-Rsomv/R300mvI<0.1 were considered linear and their
respective junctions were not treated further. The yield of molecular
junctions based on this initial sorting process was found to be: 63%
(C6), 53% (C8) and 57% (C10).

Inelastic electron tunneling spectroscopy (IETS was used to
further assess the molecular nature of the junctions. Figure 3a shows
the characteristic C-H stretch of alkane chains (360mev), which
appears in all measured junctions. The fingerprint region of the junc-
tions, shown in Fig. 3b for representative C8 and Cl10 junctions,
appears to be quite reproducible although with some variation in the
intensity of the peaks. The assignment of the vibrational modes in this
region is based on previous studies®**. The lack of any temperature
effect on the conductance of junctions in the range between 8-300 K
is shown in Fig. 3b. This behavior is similar to previous temperature-
dependent measurements of alkane-chains® and is expected for the
non-resonant coherent tunneling process in such a system. It also
proves that no direct Bi-Au contacts were formed in the junctions,
since for such contacts due to quantum confinement within the Bi***,
the ~4kp T smearing around the Fermi energy, should affect (increase)
the conductance in this temperature range.

)31,33

A bi-modal conductance behavior of the junctions

Figure 4a plots histograms of the low bias conductance values for all
accepted junctions. The large volume of statistics presented in this
figure is essential for the analysis described below and is a direct result
of the high yield and reproducibility of the fabrication approach. The
histograms show a double-peak distribution (a bi-modal behavior),
with high, G", and low, G*,conductance average values, which become
better resolved as the length of the molecules increases, i.e., their
statistics is a molecular property. Integration of the peaks reveals that

the percentage of the G junctions in the entire population is 6%, 36%
and 48% for the C6, C8 and C10 junctions, respectively. This rules out a
possible explanation that the G" junctions are due to direct Bi-Au
contacts as then, they should have become statistically less meaningful
as the length of the molecules increases, i.e., as the SAMs become
better ordered®® and penetration of the evaporated Bi becomes less
probable.

The fact that the conductance statistics of junctions with 40,000
molecules is bi-modal is intriguing and has never been reported
before. Multi conductance values usually characterize SMJs*>* or
junctions with highly ordered and extremely small ensembles of
molecules (with less than 100 molecules) arranged on single crystal
structures®. In such junctions, the multi-peak histograms are rationa-
lized by variations in, for example, the coordination of the head group
or in the case of alkane chains in SMJs, by the number of gauche
defects formed in each measurement event®. In contrast, when the
number of participating molecules is large, as in nanopore junctions
containing alkane chains with a similar size as used here*, the reported
conductance histograms have only one average value for each mole-
cule and the information on structural variations and their effect on
conductance is hidden within the width and skewness of the
histograms*® but never as several peaks.

An explanation for the bi-modal behavior resulting from a change
in the transport mechanism, i.e., that G" is due to triggering of a
thermally activated process such as hopping, can be excluded by
considering the lack of temperature effect shown in Fig. 3b. In addi-
tion, the similar off-resonance tunneling attenuation factor of g -1 n!
extracted for both sets of conductance values and shown in Fig. 4b is
similar to previously reported values for of alkane-dithiols*** and
implies coherent off-resonance conductance for both G" and G".

Discussion

We claim that the bi-modal behavior is a result of and proof for the
existence of inter-molecular QI in the measured junctions. The proof
starts by comparing between the values of G" and G* for each molecule
and expected conductance values based on previous SMJs
measurements®>*** in which conductance histograms also unam-
biguously confirm sets of conductance values of GEMJ and GéMJ,
resulting most likely from combinations of different sulfur-metal
couplings and trans/gauche conformations. Making a reasonable
assumption that crosstalk between alkane chains is negligible”, the
conductance of the MEJs should simply be: Gaﬁ = Zﬁv:lcg',aﬁ where N =
40,000. Justification for the accuracy of the estimated number of
molecules in the junctions can be found in Methods.

In all previous SMJs measurements, the leads were made of Au. In
order to account for the fact that here Bi is one of the contacts, we use
the following expression for the low bias conductance of an SMJ*:
Goyy = Gy % where gy is the energy (relative to the Fermi level) of the
‘gateway’ molecular level>*”-" and I, 'y are the coupling of this level
to the left and right leads, respectively. Since these coupling terms are
proportional to the DOS in the leads™, a change of one lead from Au
with DOS,,~0.1 states eV atom™ to Bi should decrease the previously
reported values of GE,\% by the ratio DOSg/DOS,,, i.e., by a factor of
~24,000. Based on this calculation, Fig. 4c shows a very good agree-
ment between the experimental G* and the estimated Gr,,EJ values forall
molecules. This similarity implies that the measured two orders of
magnitude difference between G" and G* for each molecule, is not due
to the difference between their corresponding G?MJ and GEMJ values as
observed in previous measurements®*>*** It also implies that the
average conformation and bonding geometry to the contacts for the
alkanes in the SAMs is similar to those which are responsible for GEMJ.
Indeed dithiol-alkanes are reported to be better organized and with a
higher fraction of all-trans molecules than alkane-thiols, most likely
due to interactions between the exposed -SH groups®****, This also
indicates that the difference between the Gtand G" junctions is not due
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Fig. 3 | Characterization of the MEJs. a All IETS spectra show the characteristic C-H
stretch of alkane chains at 360 meV. b IETS in the fingerprint region of repre-
sentative C8 (magenta) and C10 (blue) junctions, with the following assignment of
modes®*; (A) Bi-S vibration, (B) C-S wag, (C) C-S stretch, (D) C-C stretch, (E) CH,
wag, (F) CH, scissor. ¢ The effect of temperature on the conductance of three

different C8 (magenta) and three different C10 (blue) junctions in the temperature
range between 8-300 K. The variation between junctions comply with the variation
in conductance as presented in all other figures. The presented behavior for each
junction was found to be highly reproducible under repeated measurements and
temperature cycles.
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Fig. 4 | Conductance histograms, tunneling attenuation factor and comparison
to SMJs with the same molecules. a Low bias conductance histograms measured
for all accepted junctions. As the length of the chains increases, the high (G") and
low (G*) conductance peaks become better resolved. b A semi-logarithmic plot of
G"and G versus the number of carbons in the molecules, n. ¢ Comparison between

the normalized (see text for details) experimental G" and G* values (magenta cir-
cles) to the expected conductance-values (black rectangles) based on measure-
ments of SMJs. The error bars of the new results are the standard deviations of the
Gaussians in Fig. 4b. The error bars of the SMJs results were taken from the pub-
lished results appearing in the references mentioned in the text.

to a lack of bonding at the top (Bi) contact in the former junctions,
since G- peaks correspond to Gg’wvalues which were measured in
junctions with contacts on both sides. Therefore, based on the above
reasoning we conclude that the difference between the G* and G"
junctions is not due to differences in the conductance of the individual
components of the SAMs, but instead has to be a collective effect
within the ensembles, i.e., due to inter-molecular Ql.

The results in Figs. 5, 6 are consistent with Inter-molecular QI. The
calculations (see Methods) are based on a two-dimensional model

junction (Fig. 5) in which each two-site molecule is coupled to the leads
by a coupling term —¢, and also has a phase-sensitive intra-molecule
coupling term —£°, which affects the overall phase of the transmission
through the molecule. This minimal model captures the properties of
the thiol-alkane SAMs used here, in which the phase of the transmission
through each molecule could be different (see discussion below), and at
the same time the conductance of each molecule is the same and is
phase-independent. Figure 5 depicts two junctions, which differ in the
number of molecules with a transmission phase of 6 =, n,;, and =0,
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Fig. 5 | The minimal 2D model used for simulations. Schematic presentation of
the minimal model used in the calculations based on two-site molecules assumed to
be coupled to both leads with the same coupling strength and with a phase-
dependent (intra) coupling term between sites. The phase, 6, can be either 1 or 0.
The junctions used in the calculations contained 100 molecules. The image shows a
junction with identical phase (1) for all molecules (left junction) and a junction with
a 1:1 phase-ratio (right junction).

no. Figure 6a plots the effect of the ratio n,:ng and the number of
conductance modes at the Fermi energy on the conductance of the
model junctions. Since in all presented junctions, all molecules have the
same conductance regardless of the transmission phase, the apparent
changes in the overall conductance along each curve are only due to the
variation in the phase ratios. With only one conductance mode in the
leads (bottom curves in Fig. 6a), destructive QI around n,/ng -1, results
in junctions with a lower conductance as compared to the junctions
with pure-phase ensembles of either n,; -1 or ng ~1. The overall con-
ductance in these two last cases is identical. With increasing number of
conductance modes, destructive Ql in junctions with n/ng -1 continues
to prevail, however, with a diminishing effect (see Fig. 6b). As long as
Nmodes <€ Nmolecules, iN Other words, as long as there are conducting
electrons with sufficiently long wavelength to (coherently) tunnel
through more than a single molecule, the transport phases of the par-
ticipating molecules affect the overall conductance. When Nyodes =
Nmolecules (tOp curve in Fig. 6a), inter-molecular QI disappears (com-
pletely randomized) and conductance becomes phase-independent.

The above calculations suggest that for an ensemble of mole-
cules, each with the same individual conductance value but with a
possible different transmission phase, the overall conductance
could vary as a function of the distribution of phases providing the
ensemble is probed by electrons with a long coherent length that
interfere with a sufficiently large fraction of the molecules within
the ensemble.

The justification of this model to the junctions measured here,
starts with the fact that their conductance without molecules (direct
Bi-Au contact), was found to be 13G,. Under the conditions by which
the film was made, Bi tends to form large and well-ordered <111> grains
where only few of those are needed to cover the entire surface of the
junctions (see Fig. 2e). With a characteristic mean free path in Bi that is
much larger than the involved dimensions?, the Sharvin®® formula can
be used to estimate the number of modes in the junctions, which for a
junction with an edge length of L is M = 41%/mA¢%. With A% = 30 nm, and
L=100 nm, the number of modes should be M=14, i.e., within good
agreement with the measurements. Since the number of molecules in
each junction is ~40,000, the ratio (in one dimension in order to allow
comparison with the simulations) between this number and
the (experimental) number of modes is Nygecues/Nmodes =
\/40000/13 ~ 55, which according to the calculations presented in
Fig. 6a, is obviously sufficient for the contribution of QI not to be
randomized. Since, one may regard this ratio as the effective number
of molecules that is coherently and simultaneously probed by the
tunneling electrons in these junctions, the experimental ratio of -55
corresponds to the 2-modes (second from the bottom) curve in Fig. 6a,
which was calculated for 100 molecules.

In contrast to conjugated molecules for which the phases asso-
ciated with their pi-electrons scattering paths have been studied the-
oretically quite extensively®?, the mechanisms affecting the overall
phases of electrons tunneling through alkane chains still need to be
studied. Based on previous studies, which only implicitly discuss the
role of phases, three possible mechanisms that can randomize the
transmission phase (change the n,/ng ratios) in alkane-chains within
SAMs can be invoked. The first could be a result of inter-chain through-
space tunneling®°, As this process, by nature, is exponentially sup-
pressed with distance, it is most likely taking place between chains via
the closest carbons. Each such event adds an additional transport path
longer by one carbon unit and consequently also a change of phase by
. Based on molecular dynamics simulations*®**°, the contribution of
this mechanism becomes higher for shorter chains due to a broader
distribution of the tilt angles and with it a higher probability for inter-
chain hopping®. A second randomizing mechanism can be associated
with a conformational degree of freedom of the head groups in alkane
chains®®®!, The third is due to the conformation along the chains. While
long (>C10) alkane chains are organized in ordered layers with ideally
an all-trans conformation, shorter chains have a higher number of
‘defects’ in the form of cis or gauche conformations®’. These con-
formations are argued to lower the conductance of chains because of
destructive QI between through-bond and through-space tunneling
paths in each molecule®***. This QI, essentially between clockwise and
anti-clockwise transport, should affect the overall phase of the tun-
neling electrons with a magnitude that depends on the di-hedral angle
within the gauch conformation®.

All the above phase-randomizing mechanisms most likely prevail
within the short-chain SAMs used here, and as in any other case of a
conducting system experiencing a transition from being one-
dimensional to three-dimensional, it is expected to experience total
randomization of the phases of all conducting paths®, i.e., the system
most likely resides around the n; : no-1 ratio.

Returning to Eq. 1., the red curve in Fig. 7, shows the calculated
conductance based on this equation of an MEJ with Ny otecutes = 1000
and one transverse mode at the Fermi level as a function of the n;:no
ratio (Nmolecutes = Nz + No). In this calculation, since there is only one
transverse mode, Npoecues defines the number of interfering trans-
mission paths. It is then easy to see by performing the summations in
EQ. 1 up to Nmoleculess that when the phase is identical for all paths (a
situation which occurs on both ends of the red curve) the conductance
is proportional to N2, .cues- FOT this reason, for the purpose of calcu-
lation, the conductance of a single molecule was set to 107Gy, so that
the total conductance for one mode does not exceed 1G,. The ‘noise’
around the dip in the red curve was inserted by varying the phase
around T to be with a standard deviation of 10%. Thus for each given
number of n, molecules, the phase of each molecule was set to be
randomly distributed within the range of m + 0.1m. This simulates, as
mentioned above, the dependency of phase on the dihedral angle
between neighboring carbons®. The dashed green line is the con-
ductance based only on the first term in Eq. 1 and it intersects the red
curve at the point where QI is nullified, i.e. at n,;:ng = 1. The con-
ductance at this point corresponds to the measured G* values (see
Fig. 4c), which after normalization are identical to the conductance of
SMJs with the same molecules, where (the overall) phase has no effect
on the transport properties.

Any change in the phase ratio from this point, i.e., any increase in
the structural order and uniformity within the SAM, leads to a sub-
stantial increase of the overall conductance due to constructive QI.
The green and blue Gaussian curves show the requested phase-
population change in order to result in a bi-modal conductance
behavior with a two-orders of magnitude difference between the
conductance of the two peaks, as observed experimentally. The pos-
sibility to shift the population between these two Gaussians depends
on the length of the molecules. Thus, in MEJs with C6, that have a
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pronounce liquid-like structure?® and therefore a phase that is only
occasionally less randomized, the conductance is typically in the G
regime (where the red and green curves intersect) and most of the
junctions are within the green population Gaussian. For this reason, it
is experimentally very rare (see Fig. 4a) to find Cé junctions with a G"
conductance. As the length of the molecules increases, there is sta-
tistically a higher probability to find better-ordered layers (blue
Gaussian) with less phase randomization and a higher number of
phase-identical molecules and as a result a larger population of junc-
tions with conductance in the G" regime. The rough calculation based
on Eq. 1 suggests that for a two orders of magnitude change in the
conductance between G- and G", a change of -15% is needed in the
n,:ng ratio. Molecular dynamics calculations suggest that the percen-
tage of cis/gauche conformations at the end of long alkane chains at
300 Kis in the same range, suggesting that indeed disorder in this scale
is natural in alkane chains®®. One should consider the red curve in Fig. 7
as the equivalent of the transmission curve (as a function of energy) of
an SMJ with a destructive QI effect in its transport properties®. In the
latter, if the Fermi energy resides at or very close to the transmission
dip, any small change in the position of the Fermi energy results in a
large change of conductance due to less destructive QI. Similarly, here,
any structural shift of the monolayer within an MEJ from a full phase-
randomized state leads to a large increase of conductance because of
less destructive QI. This large change in conductance, resulting from a
small change in (an average) structure, results in the bi-modal behavior
observed here. MEJs with leads having a long Fermi wavelength,
although containing thousands of molecules, essentially behave like
junctions with very few molecules, in which each ‘effective molecule’ is
a small ensemble probed by individual electrons having a long char-
acteristic wavelength. One can consider this as a loss of resolution:
with increasing wavelength of the tunneling electrons, the individual
transmission properties of the molecules cannot be resolved anymore
and the overall conductance starts to depend on the size of the
ensembles that are being tunneled-through which in turn depends on
the number of modes. When the number of “effective molecules” is
sufficiently small the junction starts to behave similarly to a small-
ensemble junction® with a bi-modal conductance behavior.

Figure 4a suggests that with increasing length and better ordered
SAMs, one would expect a diminishing contribution of the G" peak,
leading eventually to only one G" peak. In the case of alkane chains,
such a behavior is expected for molecules longer than C10. However,
due to the low density of states of Bi, the conductance of C10 junctions
is already quite similar to the conductance of single molecule (with Au
leads) and further increase of their length is expected to result in
signals that are much more difficult to measure. Further studies on the
effect of order necessitates junctions based on more conducting
molecules and will be the subject of future work.

To conclude, the above results present two important steps
towards the realization of practical molecular devices based on MEJs.
Both steps rely on the unique properties of Bi. The first, in terms of
fabrication, utilizes its low heat of evaporation to form top contacts
onto ensembles of molecules with low damage statistics and what
appears to be a high number of ‘properly contacted’ molecules. We
expect that careful control of the roughness of the underlying sub-
strates, use of smaller pores and molecules that are more rigid should
make the yield of this process even higher. This in turn, could also
enable the integration of molecular junctions into nano-scale circuits.
The ability to form a large number of valid junctions has been utilized
in this study to produce the necessary statistics to support the second
advancement presented here which is the utilization of the long Fermi
wavelength of Bi to enable a never before observed effect of inter-
molecular Ql in MEJs. This effect could be harnessed for the realization
of highly stable and efficient thermoelectric, switches and non-linear
molecular devices.

Methods

Fabrication and characterization of junctions

Junctions were formed by first depositing using an atomic layer
deposition tool a 10-20 nm of an Al,O5 layer onto Au features, which
served as bottom leads (Fig. 2b). After defining by e-beam lithography
100 nm x 100 nm squares on top of this layer, reactive ion etching was
used to form the pores of the junctions. The structure of the resulting
pores was analyzed by AFM (Fig. 2¢) in order to ensure complete
etching of the pores down to the underlying Au substrate. Monolayers
within the etched pores were formed by a self-assembly process in
which the samples were immersed overnight in 1mM de-aerated
solutions of the various molecules in ethanol under inert (glove-box)
conditions. Bi was thermally evaporated via a shadow mask under a
vacuum of <107 torr, at a rate of 0.2 A sec™’. The thickness of the Bi
films was 60 nm. Recent calculations show that the oxide layers, which
naturally formed on the top of these films, do not affect their elec-
tronic properties®. In each device, such as the one shown in Fig. 2, the
Al,O3 film was completely removed from one of the underlying Au
features in order to establish direct contact to the top Bi layer. Probing
of each junction was made through its bottom lead and its common Bi
layer via the directly connected Au lead.

The apparent high yield of the above fabrication route can be
attributed to two parameters: (i) The low heat of evaporation (105 kJ
mol™) of Bi, which is lower than that of all previously used directly
evaporated metals: Au (334 k) mol™), Pb (178 k) mol™), Al (293 k) mol™),
Pd(357 k) mol™) and Ti (421 k) mol™). It is therefore highly conceivable
that the evaporated flux of hot Bi atoms onto SAMs is less deteriorating
than in all previous attempts to use the same process with the above-
mentioned metals. (ii) The negligible penetration of the evaporated
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Fig. 7 | The effect of phase randomization on transport. Calculated conductance
of a 2D ME]J with one transverse mode at the Fermi level based on Eq. 1. The red
curve, calculated for Npoecutes = 1000 shows how the total conductance changes
with the n,:nq ratio. When the phase is uniform on both ends of the curve, the
conductance (see Eq. 1) is proportional to N2, ....s- The dashed green line is the
conductance based only on the first term in Eq. 1. The green and blue Gaussian
curves show the requested phase-population change in order to result in the bi-
modal conductance behavior shown on the right with two conductance peaks
separated by two orders of magnitude.

atoms into the SAMs due to the use of dithiols, i.e., by using an end-
group at the vacuum side, which has a high affinity towards Bi.
Importantly, the junctions were not cooled down during evaporation,
since cooling (under the conditions used here) causes condensation of
water molecules on top of the monolayers, which makes the number of
properly contacted molecules unknown. In addition, the cross section
of the junctions was not made to be smaller than the average grain size
of Bi, an approach usually taken in order to increase the probability for
pin-hole free monolayers. The reason for this decision was that under
such conditions accumulation of atoms on the walls of the pores
usually block evaporated atoms from reaching the monolayers,
resulting again with an unknown number of molecules within the
junctions. As a result of all the above experimental conditions, the
behavior shown in Fig. 4c is realized, i.e., that the normalization of the
conductance of the junctions by the value of the approximated num-
ber of molecules works well for all molecules. This comes as another
proof for the reproducibility of the fabrication scheme, suggesting
that (almost) all assembled molecules are ‘properly contacted’.

Inelastic electron tunneling spectroscopy measurements were
performed at 8 K using a lock-in detection scheme with an ac mod-
ulation voltage of 10 mV at a frequency of 773 Hz.

Temperature-dependent conductance measurements were per-
formed by a lock-in technique constantly probing the conductance of
junctions around a dc bias of 0 V, with a modulation ac voltage of 3 mV
at 137 Hz while slowly varying the temperature between 8-300 K over a
time duration of -20 hours.

Simulations of the conductance of the 2D junctions
Detailed explanations how to calculate the conductance of ensembles
of molecules based on the non-equilibrium Green function formalism
are described in detail in ref. 24,67,68,. Here, 100 two-site molecules
have been used with a phase-dependent coupling between the sites
that is also phase dependent™*. The number of modes was determined
by the position of the Fermi energy within the dispersion of the
leads**°. For each number of modes, 100 simulations were performed
with random numbers of n;; (and consequently no =100-n,;), where the
position of the molecules also randomly chosen, in order to consider
the spatial form of the modes. The results shown in Fig. 5b, are the
average of the conductance values which were calculated for each ng:
n, configuration, hence the fluctuations observed in the curves.

The electronic structure of the 2D molecular junction is repre-
sented by a tight-binding Hamiltonian H=H,+V|+Hy+Vr+HR, where

H\ g and Hy, represent the left/right leads and the central molecular
layer, respectively. Vi, define the coupling of the leads to the
molecules.

The electronic propagator for the coupled system is represented
by a retarded Green’s function defined as,
G'(E)=[(E+in)l — Hy — %, — %g] ", where in and %, are an infinitesi-
mal imaginary value and the self-energy elements which include the
influence of the electrodes, respectively. The conductance of a junc-
tion at low bias and coherent regime is then obtained via:
G(E)=2 2 Tr(G'T,G"T) where I represents the broadening function
given by T RE)=i(X R — L/R)

The Hamiltonian of the 1D layer containing N molecules is:

Hy= )

where I-I’M [ 516 ] is the Hamiltonian of the j-th two-site
molecule, W|th phase dependent coupling between sites, where 6 for
simplicity can be either O or m.

The Hamiltonians for the 2D leads, H,,, are calculated by
assuming 1D columns (parallel to the junction) with an Hamiltonian o
coupled to neighboring columns by a coupling matrix 3, which in the
case of leads with, for example, three lateral sites look like:

£ty O to 0 0O
a=|t, € tylandB=|0 ¢, O]. 3)
0 t, ¢ 0 0 ¢

The self-energy elements are %, p =V rg1 & VL/R, where g r are

the surface Green function calculated iteratively by:

gE/IRz(E+iO+>I_a_ﬁTgL/Rﬁ 4)

where 0" is a positive infinitesimal.

The &, ’s that are the eigenvalues of a, are given analytically by:
£, =€ — 2tycos(k,a) with k,a={45. They represent the bottom ener-
gies of the sub-band modes within the leads.

In the calculations presented in Fig. 6, the Fermi energy, Er, was
chosen to equal certain values within the set of &,’s in order to ensure
the indicated number of modes within the leads. In all calculations E¢
on the Au side was placed at the middle of the band with 100 modes in
this lead. The simulations show that the large number of modes in the
Au lead does not affect the interference properties of the junctions.
This is expected based on the simple reasoning that the contact
resistance between two leads with N and M transverse modes is:
R-h/2e*(L + L).Since for the given geometry the number of modes in
Bi is orders of magnitude smaller than in Au, the entire behavior of the
junctions is governed by the Bi lead.

Since each mode has a spatial shape at the molecular interface, the
conductance of a junction with a certain combination of (n,,no) should
also depend on the spatial distribution of the molecules. Therefore, for
a given number of n;, the conductance was calculated 100 times, each
with a random distribution of the position of the molecules. The
reported values are the average transmission values of these 100 cal-
culations per each (n,,no) combination.

Data availability
The authors declare that the main data supporting the findings of this
study are available within the article.

Code availability
Code used for the simulations described in this study are available
from the corresponding author on reasonable request.
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