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This paper describes the observation of asymmetric con-
ductance in the form of differing ratios of current density
(J) as a function of voltage (|V|) in tunneling junctions
comprising self-assembled monolayers on gold using
eutectic Ga-In as a top contact. Monolayers comprising
compounds with nearly identical physical and electronic
properties show opposite directions of this asymmetry. We
tested the statistical significance of the effect and ascribed
it to the collective action of embedded dipoles arising from
pyrimidyl groups that are arranged parallel or antiparallel
to the transport direction. We ascribe the effect to the
bias-induced (de)localization of the frontier states that
mitigate transport.

Research efforts in Molecular Electronics fall into two broad
and complementary experimental approaches to constructing
tunneling junctions: single-molecule and large-area. The princi-
pal goal of the former is to develop a fundamental understand-
ing of electron transport through junctions comprising single
molecules, a construct that is relatively straightforward to treat
computationally. The principal goal of the latter is functional-
ity on the device-level, utilizing ensembles of molecules, usually
in the form of self-assembled monolayers (SAMs), to define the
properties and the smallest dimension of the junction.1 There are
many phenomena that are unique to single-molecule junctions
and that cannot be replicated in SAM-junctions; for example, con-
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tacting a molecule in different positions along its long axis,2 mod-
ulating conductance by changing rupture mechanics3,4 and utiliz-
ing anchoring groups that bind to electrodes through weak, non-
covalent interactions.5 Likewise, SAMs exhibit collective effects
that cannot be observed at the single-molecule level; for example,
odd-even effects driven by the conformation of close-packed alkyl
chains6–8 and the collective action of molecular dipoles affecting
transition voltages (Vtrans) by shifting vacuum levels.9,10 Although
single-molecule junctions are generally studied in greater detail,
the technological relevance of SAM-junctions is more apparent
and mature.11 Here, we report the asymmetric conduction in tun-
neling junctions using eutectic Ga-In (EGaIn) top-contacts12 that
is driven by the collective action of dipole moments embedded in
a SAM comprising molecules of identical empirical formula, fron-
tier orbital energies (for isolated molecules) and interfaces with
the electrodes (Fig. 1 on the left).

Zhang et al. have shown theoretically that asymmetry in J/V
characteristics can be caused by internal dipoles, if they induce
an asymmetric voltage drop across the junction.13 We observed
asymmetric J/V curves in junctions comprising SAMs of photosys-
tem I (PSI) using both EGaIn and conducting-probe AFM.14 The
direction of this asymmetry could not be ascribed to the electron-
transport chain within the PSI complexes, rather it correlated to
the net dipole induced by the peptide chains on the periphery.
Although the mechanism seems obvious, it has received little ex-
perimental attention. And, while the results with PSI seem intu-
itive (and do induce a shift in vacuum level),15 the complexity of
large protein complexes makes it difficult to isolate the underly-
ing cause of the asymmetry. Thus, we turned to small molecules.

The SAMs we chose for this study (TP1-down, TP1-up; Fig. 1)
have been extensively characterized by a number of techniques:
High-resolution X-ray photoelectron spectroscopy (XPS), ellip-
sometry, infrared reflection absorption spectroscopy, near-edge
X-ray absorption fine structure spectroscopy (NEXAFS), and scan-
ning tunneling microscopy (STM).16 They exhibit nearly identical
packing densities, thicknesses and tilt angles (see Table 1). The
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Fig. 1 Left: Schematic of a junction with two pyrimidyl-containing
compounds (TP1-down and TP1-up) in junctions with Au and EGaIn
electrodes. Arrows indicate directions of dipole moments associated
with the embedded pyrimidine rings (from negative to positive). Right:
Plots of asymmetry (log χ, log of the ratio of |J| at each value of |V |)
versus absolute voltage for SAMs of TP1-down (blue squares) and
TP1-up (red circles) with 95 % confidence intervals depicted as shaded
areas.

key difference is the orientation of a central pyrimidyl moiety that
reverses the direction of its contribution to the net dipole moment
along the direction of transport. These dipole moments act col-
lectively in SAMs to affect the electrostatic profile across the junc-
tion17,18 (i.e., spanning the electrodes.) We previously observed
this effect experimentally in SAMs of three series of compounds
as a shift in the work function (WF) of the bottom electrode16

and characterized its impact on tunneling charge-transport.9,10

Thus, the compounds used to form the SAMs in this study are
regioisomers with nearly identical frontier orbitals (Fig. S7) that
form tunneling junctions of nearly identical geometries (Table 1.)

SAM
Effective Packing density

Tilt angle
thickness (nm) (molecules/cm2)

TP1-up 1.73±0.06 4.2×1014 18±3◦

TP1-down 1.80±0.07 4.3×1014 17±3◦

Table 1 Effective thicknesses, packing densities and tilt angles of SAMs
of TP1-up and TP1-down determined by ellipsometry, XPS and
NEXAFS, respectively. Experimental values are from Ref. 16.

We measured the J/V characteristics of SAMs of TP1-up and
TP1-down on template-stripped gold (AuTS) by contacting them
with sharp tips of EGaIn as described elsewhere.10 The absolute
value of current density J is dominated by tunneling distance d
(which is identical for both SAMs) and we observe statistically
indistinguishable conductance at negative bias (Fig. S4) and or-
dinary, bowl-shaped conductance associated with non-resonant
tunneling (Fig. S5.) However, the magnitude of J differs at pos-
itive bias, creating asymmetry; i.e., TP1-down is more conduc-
tive at positive bias than negative bias and vice versa. To quan-
tify this behavior we use an asymmetry parameter χ, defined as
χ = |J+(V )/J−(V )|, and plot log χ versus |V | (Fig. 1). We show
confidence intervals as error bars to highlight that values of log χ

are statistically different across the full bias window; however, we
cannot resolve whether ∆log χ saturates or continues to increase
with bias. More detailed statistics are shown in the Supporting
Information.

The absolute value of log χ is small compared to previous re-
ports of SAM-based rectifiers based on localized π systems com-
bined with n-alkyl chains.19,20 However, the mechanism of recti-
fication in those SAMs requires an intrinsic molecular property—
isolated, accessible states in the gap—and is therefore unrelated
to our observation that the direction of asymmetry is correlated
to the direction of embedded dipole moment.

To explain asymmetric J/V behavior we first compared it to
the asymmetry in SAMs of PSI.14 According to that model, co-
direction of the internal, perpendicular dipole moment of the
SAM with the flow of electrons (which is incorrectly labeled as
J in Ref. 14) should result in higher current than anti-direction.
Thus, TP1-up should be more conductive under positive bias and
TP1-down at negative bias. However, we observe the opposite.
To obtain further insight into the mechanism responsible for rec-
tification, we calculated the transmission probability for TP1-up
and TP1-down employing the model of single-molecule junctions
consisting of an isolated TP1-up, respectively, TP1-down molecule
and two Au clusters as electrodes. These simulations are not
meant as models for AuTS/SAM//EGaIn junctions, rather they
are meant to isolate the effects of the intrinsic electronic prop-
erties of TP1-up and TP1-down on transmission by examining a
single molecule between ideal Au electrodes. If these transmis-
sion spectra differ, we cannot ascribe asymmetric conduction only
to collective effects arising from packing into a SAM. The result-
ing transmission spectra (Fig. S6) are essentially identical for
the two molecules. Consistent with the discussions in Refs. 10,
21 and 22, this result implies that the peculiar transport proper-
ties of TP1-up and TP1-down layers must arise solely from collec-
tive electrostatic effects induced by the parallel alignment of the
pyrimidine dipoles within the SAMs.21,22 One can imagine that
these effects induce asymmetric conduction either by affecting
the level alignment in a peculiar way or by changing the nature
of the molecular states such that, e.g., their spatial localization
and the resulting transmission depend on the bias direction.

In order to clarify the effects of packing in a SAM on trans-
port, we first consider the details of the level-alignment at the
interface(s). Explicitly modelling the behavior of the entire
Au/SAM//Ga2O3/EGaIn is beyond the scope of this work, as
the atomistic structure of the interface between Ga2O3 and the
SAM is far from fully understood, particularly with respect to the
strength of the coupling between the EGaIn electrode and the
SAM. One can, however, draw insightful conclusions from consid-
ering two limiting cases; (i) a much weaker coupling between the
SAM and EGaIn than between the SAM and Au and (ii) compara-
ble coupling between the SAM and both electrodes. The former
case is reminiscent of I/V measurements by STM, where the top
electrode is decoupled from the SAM by vacuum and the bias di-
rection determines whether transport occurs through occupied or
unoccupied states. Non-zero values of log χ are observed when
the Fermi level Ef of the Au electrode (which is strongly coupled
to the SAM) does not lie in the exact center of the gap between
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these states. Since the values of log χ are positive for TP1-down
and negative for TP1-up, this mechanism would require that the
highest occupied π-state (HOPS) of SAMs of TP1-down lie closer
to Ef than the lowest unoccupied π-state (LUPS) and vice versa for
TP1-up. However, this situation is at odds with simulations of the
projected density of states (PDOS) of these SAMs bonded to Au,
where the occupied states are closer to Ef for both SAMs.10 The
same study shows that the experimental values of |Vtrans| are com-
parable under positive and negative bias for both SAMs as well,
which is only possible if transport takes place only through the
HOPS. The other limiting case—assuming similar couplings be-
tween the SAM and the electrodes on both sides of the junction—
is not unreasonable considering that the layer of Ga2O3 is on the
order of 7 Å23 and that there is a methylene spacer between the
Au-thiolate anchor and the π-backbone. The aforementioned sim-
ilarity in |Vtrans| also supports this hypothesis. In this scenario
transport takes place through only one set of frontier states and,
therefore, differences between the offsets of the HOPS and LUPS
with the electrodes do not affect transport as they do in the case
of weak coupling. Asymmetry is not expected in this case since
the HOPS spans the junction as is assumed to couple similarly to
both electrodes. Thus, transport through the LUPS is almost cer-
tainly not responsible for the observed trend in χ. In either case,
there is no apparent reason why the level alignment should lead
to non-zero values of log χ.

Having reasonably excluded level-alignment as the cause of
asymmetry, we propose an alternative explanation based on bias-
dependent de/localization of the frontier π states in SAMs of
TP1-up and TP1-down. This electrostatic effect is related to the
collective action of the dipoles of the pyrimidine rings spatially
shifting the HOPS in TP1-down (TP1-up) towards (away from)
the Au electrode. It is particularly evident when comparing the
plane-averaged charge-density associated with the first peak in
the PDOS of the SAM averaged over planes parallel to the sur-
face, which is shown in Fig. 2 and were calculated with density
functional theory using the VASP code,24 employing the HSE06
hybrid functional.25,26 That this de/localization is a consequence
of collective electrostatics can be seen by comparing the plane-
averaged charge-densities associated with the HOPS of isolated
TP1-up and TP1-down molecules and the respective free-standing
SAMs; the densities associated with the HOPS of isolated TP1-up
and TP1-down molecules (orange lines, Fig. 2 b and c) are vir-
tually identical. The free-standing SAMs (grey shaded curves),
however, differ from the isolated molecules and instead display
essentially the same localization as the SAMs bound to Au (Fig.
2 a). Thus, the spatial distribution of the orbitals through which
transport occurs—the HOPS—is defined by the electrostatic envi-
ronment of the SAM that results from the alignment of dipoles.

The distribution of the HOPS at zero bias alone does not explain
the asymmetric conductance. There are two important consid-
erations. First, the difference in couplings between the Au/SAM
and SAM/EGaIn interfaces cannot be discounted entirely. Second,
considering that the localization of the HOPS is a consequence of
the dipole-induced potential steps within the SAMs, one should
expect a further de/localization of the states depending on the di-
rection of the applied bias; i.e., when the external field points in

Fig. 2 Plane-averaged charge density associated with the highest
occupied peaks in the PDOS (derived from the molecular HOMO) of
SAMs of TP1-up and TP1-down bonded to a Au electrode (panel a); the
highest occupied π-state in the SAMs (without the electrode) and
isolated molecules of TP1-up (panel b) and TP1-down (panel c). Note
that for the SAMs without the Au electrode we plotted the charge density
associated with the Γ-point of the corresponding band. The z-position of
the first atom of the molecules/SAMs is chosen as the zero of the
horizontal axis. Schematic representations of the structures 27 are
shown as a guide to the eye. All calculations on free-standing and
Au-bonded SAMs rely on a periodic arrangement of the molecules.

the same direction as the molecular dipole moment, localization
should be reduced and vice versa. Assuming a direct correlation
between delocalization and transmission, J should be higher in
magnitude for TP1-down and lower for TP1-up at positive bias,
which is exactly what we observe (Fig. 1).

To test the influence of bias on the direction-dependent local-
ization of the states, we simulated the electronic structure of the
two SAMs in an applied external field. This calculation can be
done for the (hypothetical) free-standing SAMs in a relatively
straightforward manner (see Supporting Information for details)
and we know from the data shown in Fig. 2 that the presence of
the Au-electrode does not qualitatively alter the localization. The
choice of the free-standing SAM as a model system has the addi-
tional advantage that it allows SAM-related effects and interface-
related effects to be separated and does not require guessing at
the atomistic details of the SAM/Ga2O3 interface. The results of
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these simulations are shown in Fig. 3, confirming the hypothe-
sis that the localization of states depends both on the direction of
the dipole and the applied field (note that the definitions of the di-
rection of the electric field, from + to −, and the dipole moment,
from − to +, differ.) Provided that the coupling at the side of the
SAM where the charge-density is lower limits the current through
the junction, positive bias (further localizing the HOPS) will lead
to log χ < 0 in SAMs of TP1-up. Conversely, by delocalizing the
HOPS in SAMs of TP1-down, it will lead to log χ > 0, in agree-
ment with our experimental observations.

Fig. 3 Plane-averaged charge density associated with the highest
occupied π-state in the SAM (at the Γ-point; without Au electrode) for
TP1-up (panel a) and TP1-down (panel b), as a function of an externally
applied electric field. The coordinate of the first atom of the SAM is
chosen as the zero for the horizontal axis. Schematic representations of
the structures are shown as a guide to the eye. As screening effects are
self-consistently considered in our simulations, we can estimate the
average electric field within the SAM from the magnitude of the
electrostatic energy in the vacuum regions above and below the
free-standing monolayer. We find that screening is significant and that
for an external field of 0.1 eV Å−1 the average internal field in the case of
TP1-up amounts to 0.018 eV Å−1. Assuming an oxide thickness of
0.7 nm and a dielectric constant of 10 for β -Ga2O3, 28 this field
corresponds to a bias of 0.4 V—well within the experimental range. See
Supporting Information for details.

We observed a statistically significant asymmetry in tunneling
charge-transport through SAMs of TP1-up and TP1-down. The
direction of bias at which the conductance is higher correlates
with the direction of the dipole moments arising from the central
pyrimidine rings. The cause of this asymmetry is likely the result
of the electrostatic profile of the SAMs arising from the collective
effects of aligned dipoles affecting the de/localization of the fron-
tier states. This mechanism is distinct from mechanisms that rely
on isolated π systems or transport that occurs through both occu-
pied and unoccupied states in that it is solely attributable to the
supramolecular structure of the SAM.
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Table of contents graphic: “The collective action of embedded dipoles causes asym-
metric tunneling charge-transport through self-assembled monolayers.”
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