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: We present a theoretical analysis aimed at understanding electrical conduction in molecular tunnel

. junctions. We focus on discussing the validity of coherent versus incoherent theoretical formulations

. forsingle-level tunneling to explain experimental results obtained under a wide range of experimental
conditions, including measurements in individual molecules connecting the leads of electromigrated
single-electron transistors and junctions of self-assembled monolayers (SAM) of molecules sandwiched
between two macroscopic contacts. We show that the restriction of transport through a single
level in solid state junctions (no solvent) makes coherent and incoherent tunneling formalisms
indistinguishable when only one level participates in transport. Similar to Marcus relaxation processes
in wet electrochemistry, the thermal broadening of the Fermi distribution describing the electronic
occupation energies in the electrodes accounts for the exponential dependence of the tunneling current
on temperature. We demonstrate that a single-level tunnel model satisfactorily explains experimental
results obtained in three different molecular junctions (both single-molecule and SAM-based) formed by
ferrocene-based molecules. Among other things, we use the model to map the electrostatic potential
profile in EGaln-based SAM junctions in which the ferrocene unit is placed at different positions within

. the molecule, and we find that electrical screening gives rise to a strongly non-linear profile across the

: junction.

The last decade has led to substantial advances in the understanding of electrical conduction through molecular
. systems, mostly due to an improved control of the different measuring techniques employed to study molecular
© junctions, including electromigrated single-electron transistors (SETs)'-%, scanning tunneling microscopy (STM)
: break-junctions®'’, and techniques enabling measuring self-assembled monolayers (SAMs) of molecules sand-
wiched between two macroscopic electrodes!!-?°. By far most fabrication techniques produce two-terminal junc-
tions in the form of electrode-molecule-electrode, with either a single molecule or a self-assembled monolayer
(SAM) as the active component. However, the lack of an electrical gating capability in two-terminal junctions
complicates determination of the energy level alignment. STM break-junctions can be used to obtain statistics
on electron transport at an individual molecular level but the supramolecular and the electronic structure of
the junctions cannot be investigated independently. By contrast, it is possible to measure both the supramo-
lecular and electronic structure of the SAMs immobilized on one of the electrodes (usually referred to as the
bottom-electrode) using standard surface characterization techniques before fabrication of the top-contact. For
most systems, however, it is not clear how much the energy level alignment changes once the molecules are in
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contact with the top-electrodes®! and therefore models are often used to extract the relevant transport parameters.
From a technological point of view, SAM-based junctions are promising candidates for molecular electronics
technologies, with rectification ratios rapidly approaching values of commercial semiconductor devices?*?*. On
the other hand, three-terminal SETs electrically gate the molecular electronic states of an individual molecule,
enabling the full spectroscopic resolution of the molecular energy landscape'-®. Comparative studies using these
different techniques are required to establish the principles governing electrical conduction through molecular
tunnel junctions under a wide range of experimental conditions.

Despite the increasing number of experimental reports, and to a lesser extent theoretical works, dedicated
to the topic of electrical conduction through molecular junctions (see refs 24-26 and references therein), there
remains the challenge of extracting fundamental characteristic junction parameters from the experiments in a
consistent way. The complexity of the real devices, with large variations in the parameters that affect electrical con-
duction, and the different possible transport regimes, make the rigorous treatment of electron transport through
junctions extremely difficult. In this context, first-principles calculations have the advantage that one can account
for structural details of the junctions*”?%. However, they are not generally applicable (i.e., they need to be tailored
to the specific junction under study) and may require very long calculation times even on high-performance com-
puting platforms. Alternatively, analytical models dealing mainly with the energetics of the junction, such as the
Landauer formalism for coherent tunneling (or the rate equations for incoherent tunneling), are easy to employ
but rely on rough approximations of some critical parameters and may miss some of the physics involved in the
process, particularly when conduction is driven or assisted by interactions with the molecular surroundings (e.g.,
reorganization energies, many-body interactions, energy level renormalization, image charges, etc.).

There are ongoing theoretical efforts focused on solving the problem by integrating different effects to formu-
late a non-equilibrium theory in terms of molecular states that includes many-body correlations when computing
electron transport through molecular junctions (for a detailed discussion on this see ref. 26). This is far from the
goal of the present work, where we do not attempt to develop a new theory but instead aim to test the applica-
bility of a well-known single-level tunneling model and variations thereof?*-%, to capture the essential physics
of molecular junctions. The key metric for success of our model is the ability to easily implement it using exper-
imentally obtained input parameters. In this article, we test this single-level tunneling model using properties of
molecular diodes measured in two different test-beds: (i) Three-terminal SET experiments performed at differ-
ent temperatures on individual S(CH,)Fc(CH,),S molecules; and (i) experiments in SAM-based EGaln junc-
tions of S(CH,),,Fc, molecules where two distinct molecular levels participate in charge transport®. In addition,
we employ the model to interpret experiments performed on SAM-based EGaln junctions of S(CH,),FcC,;_,
molecules where the ferrocene (Fc) unit is placed at different positions (n) within the alkyl chain®. Fitting our
model to the experimental data enables the determination of the electrostatic potential profile in the junction,
which we find to be strongly non-linear, indicating the presence of significant electrical screening in the junction.
Comparison between the different junctions shows that the single-level tunneling model satisfactorily describes
both single molecule and SAM based junctions. The model captures the essential physics, including the asymme-
try of the J(V) curves, the shape of the electrostatic potential profile and the temperature dependence of the trans-
port excitations. Finally, we use this model to discuss in detail the range of validity of coherent versus incoherent
theoretical formulations that have been used to rationalise some recent experimental results.

Results

The single-level transport model: Coherent versus incoherent tunneling. In the simplest approx-
imation, a molecular junction can be represented by the schematic diagrams shown in Fig. 1, where the molecule
sandwiched between two electrodes (three in the case of a SET) is represented by a discrete set of levels (with N
representing the number of electrons in each level) separated from the electrostatic potential in the electrodes
by tunnel barriers. The molecular levels closest to the electrostatic potentials of the leads at zero bias are known
as the HOMO (highest occupied molecular orbital, N) and LUMO (lowest unoccupied molecular orbital, N+ 1)
levels and are well separated in energy by a ~2-5eV conductance gap in solid state junctions. The level closest
to the Fermi energy of the electrodes governs the electrical conduction through the junctions for moderate bias
potentials.

Conduction through a molecule can, in principle, be understood in terms of sequential tunneling (either
coherent or incoherent) involving one molecular level. In such a process the electron tunnels from the source
into the molecule at a rate ~ and then out into the drain lead at a rate ;. The ratio between these rates and the
characteristic intramolecular relaxation times determines whether the electron transport occurs coherently or
incoherently. This means that if the electron spends sufficient time inside the molecule to significantly couple
with internal/external degrees of freedom (i.e., short relaxation time and short decoherence time relative to the
tunneling rates) then the process will become incoherent, with an associated loss of phase in the case of elastic
tunneling, and loss of both phase and energy in the case of inelastic tunneling. In wet electrochemical molecu-
lar charge-transfer processes, energy relaxation is usually facilitated by intramolecular vibrational modes and
polaron excitations in the surrounding solvent molecules. In terms of Marcus theory®*, these are known as inner-
and outer-sphere molecular reorganization processes, respectively, and are characterized by an activation energy
arising from the classical energy barrier governing the process. At sufficiently high temperatures, these processes
lead to an exponential increase of the charge transfer (accompanied by an Arrhenius law and incoherent tunne-
ling). However, in the junctions discussed in this work, where the molecules are present in solid-state devices and
charge transport is studied in the absence of solvent, outer-sphere reorganization processes do not likely play an
important role in the electrical conduction through the junction. This is not necessarily the case in all SAM-based
junctions, since even in the absence of solvent molecules, neighboring molecules can play this role, particularly
when considering complex molecules with high degrees of polarizability.
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Figure 1. A molecular tunnel junction. Schematics of the electrical coupling (a) and corresponding

energy level alignment (b) in a molecular junction composed of a molecule with multiple electrostatic levels
sandwiched in between two electrodes (L (left): drain and R (right): source), including all the functional
parameters that govern electron tunneling through the junction. These are the tunneling rates, -y, 5, the binding
energies, E; | 5, and the intermolecular couplings, ; », between the molecule and left and right electrodes, with
="y, + 7z being the level width. In addition, A represents the intramolecular level spacing, E, the charging
energy, and 1 the electrostatic potentials of the leads.

We expect that inner-sphere reorganization will always be important, and can be related to intra-molecular
vibrational modes with energies usually below a few tens of millielectronvolts (<30 meV), which is smaller than
or comparable to other energy scales relevant to the conduction process, such as thermal broadening at high
temperatures (kzT=13-86 meV in the range 100-1000 K). Thus, when only one level participates in the con-
duction through the junction (which may be the case in many molecular junctions), the vibrational modes can
be formally incorporated into an effective temperature-dependent level broadening (the higher the temperature
the more vibrational modes will be sampled), which means that it is reasonable to still treat the transport process
with simple single-level transport models, as we do in the present work. Note the different causes of level broad-
ening, which we can separate into two main contributions: (i) broadening due to the coupling of the molecule
to the electrodes, with tunneling rate v =~; + 7y, and, (ii) broadening arising from the coupling of the electron
to other degrees of freedom of the molecule, ~,. Of course, this is just a simplification (virtual transitions to
high-energy molecular states take place during the conduction process, leading to renormalized parameters) and
should be taken as such. However, this picture can be justified from a more fundamental calculation involving a
non-equilibrium quantum mechanical treatment of the response of the molecule to its coupling to leads. When a
single energy level is active in the molecule, and the coherent interactions between electrons in the molecule and
those in the leads are negligible, the non-equilibrium expression for the current reduces to an expression similar
to the Landauer-Biittiker formula®, namely,

_ 24 E—py E—py
I—deE!/ ]—f[ ]Tr

kgT kgT
where flx) =1/(e*+ 1), p; and pp are the chemical potential at the leads, v, (E) and ~,(E) are the partial level
widths due to the coupling to right and left leads, respectively, and G" is the molecule’s single-particle retarded
Green’s function, which contains a self-energy that takes into account the coupling to leads and to other degrees
of freedom as an imaginary part, namely, a total level width. In fact, this has been the starting point of several
successful theoretical descriptions of molecular electronic transport experiments (see, e.g., refs 35,36).

We acknowledge that there may be other processes playing important roles in the transport through
solid-state junctions, such as intermolecular interactions or electrostatic potential changes due to electron
charging or image-charge effects”’, among others. Some of these could be incorporated into simple single-level
transport models. As we show below, for a single-level junction system the coherent and incoherent tunneling
treatments provide identical predictions of the current at all temperatures, provided that one incorporates into
the level broadening the two effects discussed above concerning outer-sphere reorganization and vibrational
modes. Therefore, even a single-level coherent transport model can explain the exponential thermal enhance-
ment of the conductance through a molecular junction without the need to invoke Marcus relaxation processes.

{ VBV E) |
YL(E) + Yr(E) (1)
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Figure 2. Electrostatic coupling in a tunnel junction. (a) Voltage dependence of the energy of the molecular
frontier orbital E,, for different values of the voltage division parameter 7, with respect to the electrochemical
potentials y; and fi, of the electrodes in the junction. ¢ is the zero-bias energy offset between the molecular
orbital and the electrodes. The arrows show when the molecular level enters the conduction window (grey
areas). (b) Represent the energetic configurations of the molecular level and the electrochemical potential of the
electrodes for three representative values of the voltage division parameter, i.e., =0, 0.5 and 1.

This is because the temperature dependence of the conductance naturally arises from the thermal broadening of
the energy of the electrons in the leads (see, e.g., the work by van der Zant et al.*”). In other words, a transition
between a plateau-like to temperature-dependent conductance in a molecular junction should not be taken as
conclusive proof of inelastic incoherent tunneling. Sequential tunneling may well be coherent and one simply
cannot distinguish them when transport involves a single energy level without considering the ratio of the relax-
ation rates involved.

As mentioned before, the transition between coherent and incoherent tunneling is determined by the tunne-
ling rates in and out of the molecule (when compared with the intrinsic molecular relaxation rates). As explained
by Moth-Poulsen and Bjernholm in their review article®, the tunneling rates for a complex molecule usually
depend on the strength of the bond of the molecule to the electrodes, E,;, and on the intramolecular coupling, ¢,
between the electrode and the molecular frontier orbital (see Fig. 1a), and are, in general, difficult to engineer. As
mentioned above, the molecule-electrode couplings result in broadening of the molecular levels (y="; + ). The
capacitive couplings of the frontier orbital with the electrodes determine the electric potential drops at both sides
of the active conduction unit (V; and V}) and provide asymmetry to the junctions when L; = Ly. This asymmetry
is parameterized by the dimensionless division parameter n= Vy/(Vy + V3), which gives the ratio of the voltage
drop between the molecule and the right electrode with respect to the total voltage drop in the junction.

The molecular frontier orbital follows the average effective potential within the molecule and its energy can be
expressed as E,, = up(V) + ¢+ nqV, where ¢ is the zero-bias energy offset between the molecular orbital and the
electrodes, q is the electron charge, and p is the electrochemical potential of the right electrode. The behaviour of
E,, 1, and pp, with respect to the bias potential V is shown in Fig. 2 for different values of . For 7~ 0.5 the energy
of the level remains constant as the bias potential is increased, while for 77~ 0 or ~1, the molecular level closely
follows the right or left potentials, respectively.

Finally, thermal broadening of the energy of the electrons in the leads also greatly affects conduction through
the junction and needs to be taken into account. When a bias potential is applied, two distinct Fermi distributions
need to be used, one for each lead:

1
E) =
eB) =17 expl(E — 11y p)/kyT] )

In the case of a single conduction level, the electrical current can be calculated by solving the rate equations for
each side of the molecule (see Supplemental Information for a generalized treatment of the rate equations for a
molecule with multiple levels). In the limit of very small broadening (y < k,T, |e|, [i1, — p1,|) one obtains the
following electrical current expression (see detailed discussion in Supplemental Information and in refs 24,39):

7,
I R(E) = (—q)%(fm (E)-N), 3)

where N is the occupation number or average number of electrons in the steady state. By definition, in this state
there is no net transfer of electrons in or out of the junction (i.e., I; + Iy =0), from which one can extract an
expression for N:

N LB+ vrf (B)
YLt R (4)
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Substituting this functional for N in Eq. (3) one obtains the steady-state current through the junction (without
taking into account the spin) as

T=1 = Ly =22 W% (¢ () _ ¢ (B)).

oy + (5)

Note that this treatment accounts for sequential tunneling of the electron from one of the leads into the mole-
cule and further into the opposite lead and is incoherent in nature. In other words, the rate equations formulation
assumes that the electron’s phase memory is completely lost once it tunnels into the molecule. That can only
happen through relaxation processes —purely elastic in the case of a single level (no other levels to transit into),
but possibly even inelastic. Apart from this, the first conclusion that one can extract from this simple expression is
that current will only flow through the junction if a molecular level lies between the electrochemical potentials of
the left and right electrodes (i.e., within the conductance window). Of course, this approximation fails when the
level width surpasses such energy separation, since it will lie partially out of the conductance window. In other
words, the current will not increase indefinitely by simply increasing the level width (i.e., increasing the coupling
to the electrodes). On the other hand, the resistance has a quantum mechanical limit, which for a single transport
channel translates into a universal quantum of conductance, G, as originally predicted by Landauer®.

Interestingly, it is possible to relax the condition of very small broadening v < kyT, |e|, |11, — pi,|and incor-
porate the effect of a finite level broadening into the rate equation calculation by introducing a broadened density
of states (DOS) in the shape of a Lorentzian centered at the energy level ¢,

/2w

D(E)= —m 78—
(B) (E — &)’ + (y/2) (6)

The result is

1=2 7 4e p.(&) L2 (f (B) - £, (E)],
2] %D P AR .

This expression matches exactly the one derived by Jauho, Wingreen, and Meir in 1994 using a fully coher-
ent formulation based on the Keldysh Green’s function formalism (see Supplemental Information for a detailed
discussion of this point). This may seem remarkable, but we note that for a single channel and a single level in the
molecule, interference plays no role in the electron conduction through the molecule. As a result, coherent and
incoherent sequential tunneling cannot be distinguished at a formal level. Both models provide the same level of
accuracy in describing transport at low bias through a single level, as was verified in a pioneering experiment by
the Saclay group*!. In the standard derivation of Eq. (7) in the context of coherent tunneling, the level broaden-
ing is entirely given by the sum of the partial broadenings due to leakage through the leads (y=yz+ ;). In the
derivation based on rate equations (incoherent sequential tunneling) one can introduce an additional source of
broadening unrelated to leakage, namely, y=yz +~; + ;. Other than that, the two results are formally identical
at any temperature or bias voltage*’.

Landauer derived an equation similar to Eq. (7) under the assumption that the entire system (leads and “mole-
cule”) were one dimensional. But now we know that the validity of Eq. (7) does not depend on the spatial dimen-
sions, but rather on the number of channels involved. Namely, it is a correct description only in the case of a single
channel in and out of the molecule on each lead. The derivation presented here is also only valid in the case of
spinless charge carriers. It is straightforward to extend it to include spin % carriers; provided that coherence does not
extend beyond the molecule, both rate equation and fully-coherent formulations yield again identical results. When
the charging energy is strong and forbids double occupancy of the molecular level (that is, E, >> kT, |11, — pip);
which is typically the case for solid-state molecular junctions), the expression for the current becomes

2q [ LR
I=— dE D.(E) ———~'&% E) — E ,
h jioo 8 )7L+7R+F041[fL( A (8)

where the level width associated to the level lifetime is given by
Lo = [ dED.B) [, (B) + e (B)). o)

In the linear regime and when the molecular level falls within the bias voltage window, I';_,, ~ v, + v and
one finds that the current matches closely that of Eq. (7), with the prefactor of 2 cancelling out. Notice that, in the
opposite limit, when charging energy is weak and double occupancy is permitted, one can simply adopt Eq. (7)
and account for spin degeneracy in the conduction process by multiplying the right-hand side by a factor of 2 (see
Supplemental Information for details).

Thus, it is our claim that Eq. (7) can be formally taken as a good approximation to describe conduction
through a molecular junction at all temperatures provided that: (i) Electrical conduction through the junction is
mainly governed by a single level (no transitions to high-energy states); and, (ii) that intra- and inter-molecular
interactions can be incorporated into the level width (elastic processes). These conditions are likely to be applica-
ble to solid state molecular junctions, where interaction with solvent molecules is not possible and Marcus-like
energy relaxation processes are unlikely.
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Figure 3. Coherent vs. Incoherent tunnelling. The electrical current through a single-level molecular junction
as expressed by Eqs (7) (broadened molecular level) and (5) (zero-width molecular level). The parameters used
in the calculations are e =0.4eV, n=0.5, V=0, and 7, =y = 1 meV for (a-c) and 7y, =y, =10 meV for (d),
which are typical values in the molecular junctions studied in this work. The plateau at low temperatures is a
direct consequence of the broadening of the molecular level as given by Eq. (6), which sets a maximum for a
conductance at low temperatures.

It is easy to see from Eq. (7) that at low temperature ( f(E) = fr(B) =1 if i; < E < g, = 0 otherwise) and low
bias (p¢ ~ tg), the maximum conductance (occurring when the energy level coincides with the average electro-
chemical potential, e = 1) will be

1 qz
Gmax = V = 7

YR
(v, + VR)2 (10)

2
this expression coincides with the universal conductance G, = %, if the two rates are equal (y, =) [for the
spinless case].
As a side note, one can break up the Landauer conductance into two contributions, since
! h I h h I-T

- G+ G
IMT @M  ¢M T c T ()

with M representing the number of channels and the characteristics of the junction (see Eq. (8) when v, = 7).
This is convenient in order to separate the contact resistance (G, 1) from the tunneling resistance (G, Yina
molecular junction, and particularly relevant for AC impedance transport measurements, where one can distin-
guish experimentally between capacitive and resistive contributions in the transport through the junction®.
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Figure 4. Temperature dependent tunneling in a single molecule junction. (a) Electrical current through

a single S(CH,) ,Fc(CH,),S molecule in a three-terminal SET as a function of gate voltage obtained at bias
voltage V=10mV and temperature T=80K. Two charge points at V,=—0.3 and + 1.7 V separate three
different charge states in the molecule, i.e., N— 1, N and N+ 1 electrons (Coulomb blockade). Inset: Schematic
illustration of S(CH,),Fc(CH,),S in a three-terminal Al,O;/Au single-electron transistor. (b) Experimental (data
points) and theoretical (lines) temperature behavior of the tunnel current for four different gate voltages in the
temperature range 80-220 K (marked with coloured arrows in panel a). The calculated behaviour of the junction
was obtained using Eq. (7) with the following parameters: ¢, = —25meV,e, = 135meV (¢, —,=0.160eV),
1n=0.5,and v;; =7z =0.21 meV and y,, =Yz, =0.06 meV.

An interesting exercise within the context of the discussion in this article is to solve the asymptotic limit of
Eq. (7) at high temperatures. To be more explicit, this pertains to the case when v < |E,,| < k3T < gV (see
Supplemental Information for a detailed derivation). In this case, Eq. (7) reduces to:

7= 24 iR [ qV_| ~EnlksT
hoyp+ Y (kgT

(12)

The current in this case shows an activation behavior, with the “activation energy” ¢ being the offset between
the energy level in the molecule and the Fermi energy in the leads. Note that a similar behaviour is expected from
classical Marcus charge transfer processes, for which the activation energy has a completely different origin, as
described above. We note that the activation energies arising from these two very different mechanisms may dis-
play different dependencies on the electric potentials applied to the junction, which therefore become powerful
diagnostic tools to discern charge transport mechanisms. From Eq. (12) it follows that the activation energy ¢
would decrease with increasing bias voltage, as the electrostatic potential of the lead approaches the molecular
level. This does not need to be the case in, e.g., polaron-assisted conduction, where polarization of neighbouring
molecules may be affected by the applied bias in intricate ways, resulting from its direct effect on the polaron
dynamics.

Figure 3 shows tunneling calculations using Eqs (5) and (7), to solve for the electrical current through a
single molecular level described with the following characteristic parameters: ¢ =0.4eV, n=0.5, V;=0, and
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v, =7r=1meV (in Fig. 3a-c) and 10meV (in Fig. 3d) and with different bias voltages: V.€0.4-0.7 V. As can be
clearly seen, there are two distinct regimes: decaying and saturated currents. The temperature of the transition
between the two regimes (namely, the inflexion point where the plateau starts to develop) depends on the bias
voltage: the lower the bias the higher the transition temperature (compare Fig. 3a—c). The same correspondence is
observable for the slope in the thermally activated regime. As determined from Eq. (12), the “activation energy”
decreases with increasing bias (since the separation ¢ between the molecular level and the electrochemical poten-
tial of the leads decreases with increasing bias). In addition, one can observe that increasing the level width
smears out the difference between the two regimes (compare Fig. 3b,d). Important for our discussion is the fact
that one can explain temperature-dependent electrical conductance in a molecular junction with the same func-
tionality (exponential) and within the common temperature range of existing experiments without the need for a
thermal activation derived from Marcus-like energy relaxation processes in the molecules (also possible but less
likely in many solid state junctions). Indeed, this approach was successfully employed to explain the temperature
dependence of the conductance through an individual sulfur end-functionalized tercyclohexylidene molecule
in a SET device by van der Zant and collaborators in 2006 . In that case, the width of the molecular level had to
be adjusted for different bias voltages, from a few meV at low bias up to 30 meV as the system was brought into
resonance at large bias. As discussed above, this effect can be understood in terms of a broadening of the molec-
ular level width as a result of internal molecular vibrations excited by the increasing current when the system is
brought closer to resonance.

Three-terminal single-electron transistor measurements of a Ferrocene-based junction.
Figure 4a shows the electrical current at T= 280K as a function of gate voltage for a bias of V=10mV through
an individual S-(CH,),-Fc-(CH,),-S molecule placed in between the leads of an electromigrated three-terminal
Al,O;/Au SET (see sketch in Fig. 4) fabricated according to the procedure given in ref. 44. Two peaks in the
current are clearly visible at V=—0.3V and +1.7 V. These peaks separate three consecutive charge states (N — 1,
N and N+ 1) of the molecule, when no current is allowed to flow at low bias (i.e., Coulomb blockade). Details
of the transport results and the synthesis of the molecule are given in ref. 45. From I vs. V — V, measurements,
the actual separation between these two charge points is 160 meV, from which we extract a gate capacitance
factor (i.e., V,=cV) of c=0.08. The data in Fig. 4a (solid black circles) can be well resolved (continuous red line
in Fig. 4a) using the single-level model in Eq. (7) including two conduction levels (1 and 2) with the following
characteristic parameters: £, = —25meV, £,=135meV (¢, —£,=0.160eV), n=0.5, and y;; =5, =0.21 meV and
Yi2="Yro=0.06 meV.

The measurement in Fig. 4a was repeated at different temperatures up to T=220K. The behavior of the tunnel
current with temperature is shown in Fig. 4b for four different gate voltages (V,= —1.5, —0.7, —0.3, and 0.9 V)
characteristic of the different conduction regimes in this junction, as indicated by the arrows in Fig. 4a. The agree-
ment with the theoretical expectation is significant for all voltages, whether the conduction is in the Coulomb
blockade regime (V,= —1.5 and +0.9 V) or in the transport regime (V,= —0.7 and —0.3V).

The inset to Fig. 4b shows fits of current against inverse temperature, from which one can clearly discern the
overall behavior for the different conduction regimes, including the transition into a temperature independent
regime (quantum coherent plateau) at sufficiently low temperatures. Both the transition temperature and the
“activation energy” depend on the gate voltage, as expected from Eq. (12) and discussed above.

We note that the same temperature behaviour has been observed in several other studies of this family of
ferrocene-based molecules in EGaln junctions', illustrating the robustness of the theoretical analysis used in
this work to determine the characteristic parameters of solid-state molecular junctions, and serving as a contex-
tualization for the following theoretical analysis of experiments performed in SAM-based molecular junctions.

A two-level SAM-based molecular junction. Let us focus now on some very recent experiments in
SAM-based molecular junctions where a record-high rectification ratio of three orders of magnitude has been
achieved?. Figure 5 shows a sketch of the molecular junction formed by a SAM of S(CH,),,Fc, molecules (with Fc,
representing a biferrocenylene (Fc = Fc) head group) sandwiched in between GaO™"4/EGaln (top) and Ag (bot-
tom) electrodes (see refs 22,46 for synthesis and experimental details). In these junctions, the Fc, lies at the end of
a long insulating alkyl chain, providing a non-covalent contact (van der Waals coupling) to the top electrode. This
results in a highly asymmetric drop of electric potential at both sides of the Fc, (where the frontier orbitals are
located) enabling large rectification ratios. In particular, the Fc, presents two distinct conduction levels (HOMO
and HOMO —1, see Fig. 5) separated by an energy of 0.6 eV, as measured by cyclovoltammetry (CV) in solution
and ultra-violet photoemission spectroscopy (UPS) in vacuum, which is much smaller than the HOMO-LUMO
gap (which is approx. 2.0-2.5¢eV). Figure 5 shows the room-temperature rectification ratio (defined as R=|I(—
V)|/|I(V)]) as a function of the bias voltage applied to the junction. Apart from the high rectification ratio of
1.1 x 10° reached at V=0.875V, the R(V) plot shows two clear kinks at around 0.35 and 0.75 volts which were
ascribed to the HOMO and HOMO-1 levels subsequently entering the conduction window defined by the differ-
ence in electrochemical potential of the top and bottom electrodes?.

These results can be easily explained by incorporating a second level into the single-level transport model
to account for the two Fc, levels, i.e., the HOMO and the HOMO-1. Specifically, the addition of two different
Lorentzian functions, as given in Eq. (6), weighted by the corresponding tunneling rates is used in Eq. (7) to rep-
resent the two contributing levels. The results of the calculation using Eq. (7) are shown in Fig. 5 (continuous red
line) for the following characteristic parameters: £, =0.35eV, £,=0.75eV, 1=0.95, and v, ; =3meV, 7y, p =1 meV,
Y. =5meV, 7, p=2meV. Note: the same results are obtained by Eq. (5) at room-temperature. The agreement is
significant given the approximations in the model and the inherent degree of dispersion in the SAM-based molec-
ular junctions. The theory recovers the voltage position of the two kinks, supporting their association with the
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Figure 5. A two-level molecular junction. Room-temperature electrical current rectification as a function of
bias voltage in a SAM-based junction of S(CH,),,Fc, molecules. Two distinct jumps in the rectification at 0.35
and 0.75volts can be understood in terms of the HOMO and HOMO-1 levels entering the conduction bias
window (as depicted in the sketch on the right), after which a record-high rectification ratio of 10° is achieved®.
The solid lines are fits to a double-level transport model given by Eqs (5) and (7), with (green) and without (red)
the energy distribution of €, and €, given by Eq. (13).

HOMO and HOMO-1 levels of the Fc, group, as well as the overall value of the rectification for most of the bias
voltage range, including the maximum rectification of three orders of magnitude. As discussed in ref. 22, the sep-
aration between the levels in the R-V plot (0.4 eV, Fig. 5) is smaller than that measured by CV and UPS (0.6eV),
which can be ascribed to an energy-renormalization of the molecular levels as a result of charge-image effects by
the electrodes. This effect should also decrease the HOMO-LUMO gap (estimated to be >2eV), allowing it to play
some role in the conduction at large bias voltages (reverse polarity), which is likely responsible for the decrease of
the rectification ratio above 1V (see Fig. 5).

Given the fact that molecules are not all identically placed with respect to the electrodes and that their disposition
may actually change during the course of a complete measurement, we have used Gaussian distributions for the
energies of the HOMO and HOMO-1 levels to account for the degree of dispersion in the system. To do so, we
modify Eq. (7) as follows (note once again that Eq. (5) can be treated in the same way to give the same results at

high temperature):

q o ’ YLVR /

I=4 dEdE'D.(E)—==—[f, (E) — f, (E)]g_(E"),

i1 (B, () — f (), )

where,
(E—¢)
g (E) = exp|———|,
: 2w? (14)

The best results are obtained for a width of the Gaussian distribution W=0.04¢eV for each level (green line in
Fig. 5). This small dispersion in the position of the energy of the molecular levels (<10%) is indicative of the high
degree of electrical stability in these SAM-based molecular junctions.

Maximum rectification ratio for a single-level junction. ~We note that the rectification ratio of three orders of
magnitude observed for this molecular junction (with typical level widths v~ 1-10 meV) is at the theoretical
maximum limit expected from a single-level transport mechanism for characteristic positions of the frontier
orbital with respect to the Fermi energy (e ~0.5-1¢eV) and operating voltages (V ~ 1 volt). This is easy to deduce
by looking in Fig. 6 at the current and rectification ratios calculated from Eq. (7) for a molecular junction, where
the parameters have been chosen to be representative of these kinds of junctions (i.e., derived from experimental
data). In particular, the calculations have been obtained for a single-level positioned at ¢ = 0.5V, and with a
maximally asymmetric voltage divider parameter =0, to maximize the rectification ratio. Obviously, the recti-
fication will be maximum for a bias voltage larger than —0.5V, which is the forward voltage needed to bring the
molecular level into resonance when 7= 0 (as obtained from the definition of E,, and illustrated in Fig. 2).
Figure 6a shows the behaviour of the room-temperature electrical current with ; (with v, = ;) for both
polarities of the bias voltage (V= £1volt). As expected, the difference between the forward and reverse currents
increases as the tunneling rates (and consequently the level widths) decrease. Both currents reach the same satu-
ration value at sufficiently high tunneling rates (i.e., 7,2 1eV), when the level width is larger than the separation
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Figure 6. Limits on Molecular Tunneling Rectification. (a) Electrical current and (b) rectification ratio as a

function of y; (with v, =) calculated solving Eq. (7) for a single-level molecular junction with the following

parameters: ¢ =0.5eV and = 0. For the typical smallest values of ;=1 meV, the rectification originated from
a single level (e.g., the HOMO orbital) in a molecular junction is theoretically limited to about three orders of

magnitude.

between electrochemical potentials in the leads and the conductance becomes constant, as discussed above. The
corresponding R for these voltages is shown in Fig. 6b for different temperatures, to emphasise that it does not
vary below room-temperature. In the range 107° < ;< 1 eV the electrical rectification decreases exponentially at
room-temperature and below, saturating at R=1 (no rectification) for ;> 1€V, corresponding to the behaviour
of the current in Fig. 6a. From these results one can conclude that in molecular junctions of this kind, where the
~; takes values typically above 1 meV, the rectification ratio will be limited to three orders of magnitude when a
single electrostatic molecular level contributes to the conductance through the junction, which is the value found
in the experiments reported in ref. 22 and marked by the arrows in Fig. 6.

We want to stress again that this result is found for voltage conditions that maximize the rectification effi-
ciency (i.e., n=0) but with an experimentally relevant energy location of the frontier orbital (¢ =0.5eV) and
typical values of ;. Larger ¢ values and, consequently, larger voltages will increase this limit, but not substantially.
Evidently, if more than one molecular level is involved in charge transport the rectification can be improved by
a factor proportional to the total number of levels involved. However, since it is unlikely to find molecular junc-
tions with more than a few levels in the vicinity of the electrochemical potential of the leads, it is unwise to expect
substantially higher electrical rectification ratios originating from the molecular level structure. Imaginative ways
should be explored in order to overcome this limit in practice, perhaps by engineering junctions that mix high
single-level rectification properties with conformational changes in the molecule that can build up to increase the
overall rectification of the junction.

Determination of the electrostatic potential profile in a molecular junction.  Some of the authors
in this article have recently reported a study of electrical rectification in EGaln SAM-based junctions where the Fc
unit was placed at 14 different positions within the SAM. The molecules have the form of S-C,-Fc-C,;_,,, where C,
represents the number of aliphatic carbons (CH, or a terminal CH,), with n=0 to 13**. Controlling the position
of the Fc unit (where the molecular HOMO level is localized) along the alkyl chain for different values of n (see
sketches in Fig. 7) allows us to quantify the rectification response for different energetic symmetries in the junc-
tion (values of 7)), since the electric potential at both sides of the conduction unit (i.e., Fc) will strongly depend
on its position along the chain. This enables sampling of the electrostatic potential profile along the junction gap,
which was found to be highly non-linear in this particular molecular junction?.
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Figure 7. Electrostatic Potential Profile: Experiment. Sketch) Representation of the EGaln SAM-based
junctions formed by S-C,-Fc-C,5_, molecules for three different positions of the Fc unit within the alkyl chain.
Main panel) Measured rectification ratio of the junctions in ref. 33 as a function of the position n of the Fc unit
within the chain (solid circles). The lines represent fittings to the data using the single-level transport model

in Eq. (7) using different shapes for the electrostatic potential profile in the junction, including linear (dashed
purple line) and non-linear as derived from a model that assumes the molecule a cylinder of radius o =2.38 A
and takes into account screening of the electric field by the molecule (with screening length \).

Figure 7 shows R as a function of n measured at room-temperature and calculated by comparing the electri-
cal currents at V==£1V. As can be clearly observed, the rectification behavior is highly non-linear, with several
distinct areas, and with the maximum rectification values achieved when the Fc unit is placed close to one of
the electrodes (i.e., n=3 and n > 10), as expected from the asymmetry in the potential drops at both sides of
the Fc. For n < 3 the strong hybridization between the Fc and the bottom electrode (chemisorbed contact) leads
to large level broadenings and leakage currents, which in turn results in lower rectification ratios (see ref. 33 for
more details). A similar effect (i.e., R saturates), although weaker, arises for n > 10 due to proximity to the top
electrode, where the coupling between the molecule and the lead is non-covalent (van der Waals interactions).
The intermediate range of Fc positions (4 < n < 11) is the most interesting in the context of the analysis of the
electrostatic potential profile in this article, since coupling between the Fc unit and the electrodes is non-covalent,
and the molecular level responsible for conduction is well defined, with a width that can be considered constant,
as we discuss below.

The results in Fig. 7 have been fitted to the single-level model given in Eq. (7) with characteristic energy
parameters defined in the following. We reiterate once again that Eq. (5) will give the same exact results for this
temperature and electric potential conditions. Before getting into the details of the calculations, we emphasise
that the fitting results show that the distinct behaviour of R for intermediate n values, and particularly its small
slope for n=>5-9 (Fig. 7), can only be explained by taking into account screening effects, i.e., a non-linear electro-
static potential profile. As we show below, single-level transport models together with a functional treatment to
account for electric field screening proposed by Nitzan and collaborators*” allows determination of the electro-
static potential profile and extraction of a quantitative estimate of the screening length in a molecular junction,
which has not been possible to date.

In the following we describe the analytical models that have been employed to fit the rectification data in
Fig. 7 by means of Eq. (7). First, for the distance dependence of the energy of the HOMO level, ¢, the following
“synthetic” function has been employed:e(n) =£(n ~ 13) — Ae ™", with e(n ~ 13) =0.75€V (see solid black line in
Fig. 8b). The rationale behind this selection is based on the n-dependence of e obtained from UPS data (see
solid data in Fig. 8a), which departs from its linear behavior for distances below n ~ 5. The solid black squares in
Fig. 8b, closely following the function used in the calculations (solid black line), represent the result of subtract-
ing a linear function (dashed line in Fig. 8a) from the experimentally obtained value of €. The linear behav-
ior is associated with screening by the metallic electrodes and depends on the Fc-distance (thus the linearity).
Therefore, for n > 5 the energy offset £(n) is expected to be constant (i.e., independent of n). Departures from
linearity (as observed for n < 5) are ascribed to a real change in the distance between the molecular level and the
Fermi energy of the electrode, which in this case decreases. Figure 8b shows the experimental data of Fig. 8a after
subtraction of the linear slope (black squares), together with the function used to fit the data (black line).
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Figure 8. Molecule-Electrodes coupling. (a) Experimental value of e**® (left axis) and ~ of the S-C-Fc-C;_,
SAMs on Ag™ as a function of n obtained from UPS experiments reported in ref. 39. The lines are guides to the
eye, with the dashed line representing the linear background expected from screening by the metallic electrodes,
which is proportional to the Fc-electrode distance. (b) Functions employed to represent € and ~ for different
positions of the Fc within the alkyl chain (black and red lines, respectively). The solid squares are the data in
panel a after subtraction of the observed linear slope in the UPS data caused by electron-hole screening effects.

Distance-dependence functions have been chosen to represent the coupling energies v;(n) and 7, (n), and
consequently the HOMO level width v(n) =~;(n) +x(n), and e(n) in order to account for the effect of the cou-
pling to the respective electrodes. Figure 8b shows the values of 7(n) and €(n) used in the calculations (solid
curves). The broadening of the HOMO level in proximity with the electrode is expected to increase exponentially
with decreasing Fc-electrode distance. Fermi’s golden rule gives ~; p = tj z/D; z. where t; ; is the effective cou-
pling matrix and Dy x the electron bandwidth in the electrodes®. In general, ~; , ¢ Lk where k is the tunne-
ling attenuation coeflicient, proportional to . /E, ... — Ep » which for alkyl chains on Au or Ag is on the order of
a few eV. As can be observed in Fig. 8b, the functions chosen to mimic this effect for ~; and ~; are not purely
exponential with n close to the electrodes but saturate for distances below two CH, units (n <2 and n > 12) from
the respective electrodes. This fitting is based on the spectroscopic data®® that shows little differences observed in
the spectroscopic results between SAMs withn=0 and 1 (and 2 to some extent). As shown in Fig. 8b (red curve),
the used dependence for the level width reaches maximum values of v;(n < 2) =360 meV (due to strong hybrid-
ization with the Ag electrode) and ~z(n > 11) =40 meV, and a base value of y=30meV (with y; =~z=15meV)
for intermediate distances, as obtained from the fitting of the rectification curves (see below). Note that taking the
full width at half maximum from UPS data to estimate the molecular level broadening results in an overestima-
tion of v due to limitations of the technique (see ref. 33 for details) and therefore we only can derive the relative
values of 4.

According to Eqgs (5) and (7), the only other ingredient for calculating the electrical current through the
molecular junctions is the functional describing the electrostatic potential profile in the junction, which is rep-
resented by 7(n). We have used two different models to obtain this parameter: (i) A simple linear electrostatic
potential profile; and, (ii) a correction to account for electrical screening in the alkyl chain.

Linear electrostatic potential profile. ~Assuming a linear dependence of the voltage drop as a function of the
distance between the Fc and the respective electrodes (i.e., V; « Ly), one can rewrite n= V3/(V; + Vy) as
N~ Lp/(L; 4 Lg). To account for the voltage drop at the Fc, the expression above can be rewritten assuming a cor-
rection Ly, for the respective lengths*, and the expression for the dimensionless division parameter is:

Lg+ Lg

n(lyg) = ———— + 1.0
: Lp+ L+ 2Lg f (14)

where 74,4 is an effective shift introduced to account for the asymmetry generated by different couplings of the
molecule with the two different electrodes and to explain the small rectification ratios (R < 2) observed in equiv-
alent alkyl chains without the Fc unit, or when the Fc is placed in the middle of the chain. The corresponding 7 in
the case of our molecule is given in Fig. 9 (dashed purple line). Note that 8.7% [=Lr/(L, + 2 L.)] of the voltage
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Figure 9. Electrostatic Potential Profile: Theory. Electrostatic potential profiles in the molecular junctions

as represented by the dimensionless voltage division parameter 7). The curves represent the voltage drop within
the alkyl chain on both sides of the Fc unit (totalling 91.3%), which is not the total voltage drop in the junction,
since a substantial fraction decays in the Fc (8.7%). Also, the curves have been shifted from 7=0.5 in order

to account for the different binding energies of the molecule with the left and right electrodes, which leads

to a small rectification even in the absence of the Fc unit (or when it is placed at the center of the junction).
The linear profile that would be expected in vacuum (red curve) is modified when accounting for electrical
screening by the alkyl chain, idealized as a cylinder of diameter ¢ and electrical screening length .

drops in the Fc and remains unavailable for use in the rectification process. We note that the strength of this cor-
rection is proportional to the size of the active unit employed to sample the electrostatic potential profile, which in
our case is substantially larger than the adjacent CH, units. An ideal unit to sample the electrostatic profile would
be one of negligible size (which is not possible, of course). That would also guarantee that the sampled molecule
would remain undistorted when moving the active unit within the chain.

The resulting rectification curve obtained using the linear model defined by Eq. (14) (dashed purple line in
Fig. 7) does not give an overall good fit to the data but can explain some features. It quantitatively explains the
high rectification ratios for 2 < n < 5 and n > 9 and accounts for the abrupt decrease of rectification for n <3
(resulting from a substantial level broadening due to hybridisation with the left Ag electrode). However, it fails to
explain the non-monotonic behaviour of the rectification for intermediate n values, and, particularly, the small
slope for 4 < n < 10 (almost constant). This flat region is one of the main results arising from the sampling pro-
cedure to extract the exact shape of the electrostatic potential profile in these junctions, enabled by the capacitive
nature of the Fc-electrodes coupling in this range of n values. This discrepancy presents a clear indication that the
voltage does not drop linearly within the molecule, as it would be the case in vacuum.

Correction for the screening of the electric field by the molecule. The electrochemical potential in
electrode-conductor-electrode junctions drops mainly at the contacts, but this is not applicable to the electro-
static potential, which may show profiles extending well into the low-dimensional conductor (e.g., molecule) for
sufficiently long electric screening lengths, A, which is the case in semiconductors and molecular insulators (see
Liang et al.*® and references therein for a more detailed discussion). It is therefore necessary to account for electri-
cal screening effects when trying to explain our observations. For this, we have followed the theoretical formalism
developed by Nitzan ef al.’, in which the molecule is approximated by a cylindrical conductor of diameter o, and
electric field screening length A. As discussed by the authors, the screening length in molecular conductors is an
open question, and systems with small HOMO-LUMO gaps are expected to screen well. Assuming that screening
over the characteristic length of our system can be described by a Poisson formalism, the voltage division param-
eter describing the electrostatic potential profile can be written as:

77(L)_77(L)+é§: Eu sin
KR e~ m(1 + F,)

2mm
L+ Ly

Lp| + Nspige
R] i (15)

where 1) (z) is the linear profile given in Eq. (14). A is a factor to correct for the voltage drop in the Fc. The coeffi-
cients F,, can be expressed analyticaly as:

2 —u
1(o % e
Fo=—|2|eX [ du—,
" 2[>\]efx “ (16)

with,
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Using 0 =2.38 A (=0.125(L; 4 Ly)), which is taken as the effective diameter of the alkyl chain, the electrostatic
potential profiles for different screening lengths (A= 0.95, 1.50, 1.90 and 2.85 A) are shown in Fig. 9. It can be
clearly observed that the departure from linear behavior is more pronounced as the screening length decreases.
In the limit A — 0, the electrostatic potential will follow the electrochemical potential and drop entirely within
the vicinity of the contacts.

The results of the corresponding fittings of the rectification data are shown in Fig. 7 for three screening lengths:
A=1.30A (black line), A=1.50 A (blue line) and A=1.90 A (green line). From the good quantitative agreement
with the experimental results, where the small slope in the rectification ratio can be well accounted for at inter-
mediated values of n, one can estimate the characteristic screening length to be approximately A=1.5040.2 A.
These values of the screening length are comparable to the molecular diameter o, indicating that the electric field
lines from vacuum penetrate well into the molecule.

17)

Discussion

We have shown the validity of a simple but formal analytical single-level tunneling model that uses input param-
eters to calculate I(V) curves that can be experimentally obtained (tunneling rate +, the dimensionless division
parameter n= V/(V} + V}), and the zero-bias energy offset between the molecular orbital and the electrodes ¢).
This model was tested against a well-characterized molecular diode and faithfully recovered the rectification ratio
and the temperature dependent behavior of the junctions, from which we conclude that it is applicable to describe
transport data from both single molecule and SAM-based junctions where intra-molecular collective behavior
does not significantly affect the electronic structure of the junction.

One of the main conclusions from our theoretical treatment of the rectification ratio is that the highly
non-linear electrostatic potential profile in typical molecular tunneling junctions is the result of a sizeable screen-
ing length in the molecule (A=1.5040.2 A, for ferrocene-alkanethiol). Fitting our equations to the experimental
results shows that the electrostatics of the molecular junction may be sampled simply by placing the redox Fc unit
at different positions along the junction. These results confirm the expectation that potential profiles in insulating
molecules are neither linear (as in vacuum) nor do they follow the electrochemical potential profile, which would
lead to flat profiles within the entire length of the molecule and would prevent the attainment of high rectification
ratios by capacitive coupling with the active transport unit. It is important thus to identify molecular ligands that
provide long screening lengths in order to achieve linear-like potential profiles and extend the range of lengths for
which the molecular diode would be an efficient rectifier of electrical current.

In addition, we have shown that simple single-level transport models (to describe incoherent and coherent
tunneling) can account for the typical temperature dependencies of the conductance in solid state junctions and
provide a powerful analysis tool to extract the characteristic parameters governing tunneling in these junctions
in a consistent way.

References
1. Park, H. et al. Nanomechanical oscillations in a single-C60 transistor. Nature 407, 57-60 (2000).
2. Park, J. et al. Coulomb blockade and the kondo effect in single atom transistors. Nature 417, 722-725 (2002).
3. Liang, W. J., Shores, M. P,, Bockrath, M., Long, J. R. & Park, H. Kondo resonance in a single-molecule transistor. Nature 417,
725-729 (2002).
4. Kubatkin, S. et al. Single-electron transistor of a single organic molecule with access to several redox states. Nature 425, 698-701
(2003).
. Zhetenev, N. B., Meng, H. & Bao, Z. Conductance of small molecular junctions. Phys. Rev. Lett. 88, 226801 (2002).
. Yu, L. H. et al. Inelastic electron tunneling via molecular vibrations in single-molecule transistors. Phys. Rev. Lett. 93, 266802 (2004).
7. Haque, E, Langhirt, M., del Barco, E., Taguchi, T. & Christou, G. Magnetic field dependent transport through a Mn4 single-molecule
magnet. J. Appl. Phys. 109, 07B112 (2011).
8. O'Neill, K., Osorio, E. A. & van der Zant, H. S.]. Self-breaking in planar few-atom Au constrictions for nanometer-spaced electrodes.
Appl. Phys. Lett. 90, 133109 (2007).
9. Diez-Pérez, 1. et al. Rectification and stability of a single molecular diode with controlled orientation. Nat Chem. 1, 635-641 (2009).
10. Venkataraman, L., Klare, J. E., Nuckolls, C., Hybertsen, M. S. & Steigerwald, M. L. Dependence of single-molecule junction
conductance on molecular conformation. Nature 442, 904-907 (2006).
11. Chiechi, R. C., Weiss, E. A., Dickey, M. D. & Whitesides, G. M. Eutectic gallium-indium (EGaln): a moldable liquid metal for
electrical characterization of self-assembled monolayers. Angew. Chem. Int. Ed. 47, 142-146 (2008).
12. Reus, W. E, Thuo, M. N., Shapiro, N. D., Nijhuis, C. A. & Whitesides, G. M. The SAM, not the electrodes, dominates charge transport
in metal-monolayer//Ga203/gallium-indium eutectic junctions. ACS Nano 6, 4806-4822 (2012).
13. Nijhuis, C. A., Reus, W. E, Barber, J. & Whitesides, G. M. Comparison of SAM-based tunneling junctions with Ga203/EGaln top-
electrodes to other large-area junctions. J. Phys. Chem. 116, 14139-14150 (2012).
14. Fracasso, D., Valkenier, H., Hummelen, J. C., Solomon, G. & Chiechi, R. C. Evidence for quantum interference in SAMs of
arylethynylene thiolates in tunneling junctions with eutectic Ga-In (EGaln) top-contacts. J. Am. Chem. Soc. 133, 9556-9563 (2011).
15. Nijhuis, C. A., Reus, W. E, Barber, J., Dickey, M. D. & Whitesides, G. M. Charge transport and rectification in arrays of SAM-based
tunneling junctions. Nano Lett. 10, 3611- 3619 (2010).
16. Fracasso, D., Muglali, M. I, Rohwerder, M., Terfort, A. & Chiechi, R. C. Influence of an atom in EGaln/Ga203 tunneling junctions
comprising self-assembled monolayers. J. Phys. Chem. 117, 1136-11376 (2013).
17. McCreery, R. L. & Bergren, A. Progress with molecular electronic junctions: meeting experimental challenges in design and
fabrication. J. Adv. Mater. 21, 4303-4322 (2009).
18. Haj-Yahia, A. E. et al. Substituent variation drives metal/monolayer/semiconductor junctions from strongly rectifying to ohmic
behavior. Adv. Mater. 25, 702-706 (2013).
19. Bowers, C. M. et al. Characterizing the metal-SAM interface in tunneling junctions. Nano Lett. 9, 1471-1477 (2015).
20. Zhang, Y., Zhao, Z., Fracasso, D. & Chiechi, R. C. Bottom-Up molecular tunneling junctions formed by self-assembly. Isr. J. Chem.
54,513-533 (2014).

(<%

SCIENTIFICREPORTS | 6:26517 | DOI: 10.1038/srep26517 14



www.nature.com/scientificreports/

21. Perrin, M. L. et al. Large tunable image-charge cffects in single-molecule junctions. Nat. Nanotechnol. 8, 282-287 (2013).

22. Yuan, L., Breuer, R,, Jiang, L., Schmittel, M. & Nijhuis, C. A. Molecular diode with a statistically robust rectification ratio of three
orders of magnitude. Nano Lett. 15, 5506-5512 (2015).

23. Capozzi, B. et al. Single-molecule diodes with high rectification ratios through environmental control. Nat. Nanotechnol. 10,
522-527 (2015).

24. Datta, S. Electrical resistance: an atomistic view. Nanotechnology 15, S433-S451 (2004).

25. Galperin, M., Ratner, M. A. & Nitzan, A. Molecular transport junctions: vibrational effects. J. Phys. Condens. Matter 19, 103201
(2007).

26. Migliore, A., Schiff, P. & Nitzan, A. On the relationship between molecular state and single electron pictures in simple
electrochemical junctions. Phys. Chem. Chem. Phys. 14, 13746-13753 (2012).

27. Kornilovitch, P. E., Bratkovsky, A. M. & Williams, R. S. Current rectification by molecules with asymmetric tunneling barriers. Phys.
Rev. B 66, 165436 (2002).

28. Liu, R, Ke, S., Yang, W. & Baranger H. U. Organometallic molecular rectification. J. Chem. Phys. 124, 024718 (2006).

29. Davis, J. H., Hershfield, S., Hyldgaard, P. & Wilkins, J. W. Current and rate equations for resonant tunneling. Phys. Rev. B 47, 4603
(1992).

30. Jauho, A. P, Wingreen, N. S. & Meir, Y. Time-dependent transport in interacting and noninter-acting resonant-tunneling systems.
Phys. Rev. B 50, 5528 (1994).

31. Baldea, I. & Koppel, H. Sources of negative differential resistance in electrical nanotransport. Phys. Rev. B 81, 193401 (2010).

32. Baldea, I. Ambipolar transition voltage spectroscopy: Analytical results and experimental agreement. Phys. Rev. B 85, 035442 (2012).

33. Yuan, L. et al. Controlling the direction of rectification in a molecular diode. Nat. Commun. 6, 6324 (2015).

34. Marcus, R. A. On the theory of oxidation-reduction reactions involving electron transfer I. J. Chem. Phys. 24, 966 (1956).

35. Datta, S. et al. Current-voltage characteristics of self-assembled monolayers by scanning tunneling microscopy. Phys. Rev. Lett. 79,
2530 (1997).

36. Heurich, J., Cuevas, J. C., Wenzel, W. & Schén, G. Electrical transport through single-molecule junctions: from molecular orbitals to
conduction channels Phys. Rev. Lett. 88, 256803 (2002).

37. Poot, M. et al. Temperature dependence of three-terminal molecular junctions with sulfur end-functionalized tercyclohexylidenes.
Nano Lett. 6,1031-1035 (2006).

38. Moth-Poulson, K. & Bjornholm, T. Molecular electronics with single molecules in solid-state devices. Nat. Nanotechnol. 4, 551-556
(2009).

39. Datta, S. Lessons from Nanoelectronics: A New Perspective on Transport Vol. 1 (World Scientific, Singapore, 2012).

40. Landauer, R. Can a length of perfect conductor have a resistance. Phys. Rev. A 85,91-93 (1981).

41. Kergueris, C. et al. Electron transport through a metal-molecule-metal junction. Phys. Rev. B 59, 12505 (1999).

42. Due to the absence of electron-electron interactions, the single-level model is exactly solvable. Thus, formally one derives Eq. (7)
from scattering theory and from that Eq. (5) in the limit of weakly coupled leads; see Appendix B in Koch, J., von Oppen, F. &
Andreev, A. V. Theory of the Franck-Condon blockade regime. Phys. Rev. B 74, 205438 (2006).

43. Suchand Sangeeth, C. S., Wan, A. & Nijhuis, C. A. Equivalent circuits of a self-assembled monolayer-based tunnel junction
determined by impedance spectroscopy. J. Am. Chem. Soc. 136, 11134-11144 (2014).

44. Henderson, J. J., Ramsey, C. M., del Barco, E., Mishra, A. & Christou, G. Fabrication of nanogapped single-electron transistors for
transport studies of individual single-molecule magnets. J. Appl. Phys. 101, 09E102 (2007).

45. Garrigues, A. R., Lejia, W., del Barco, E. & Nijhuis, C. A. Electrostatic control over temperature-dependent tunneling across a single
molecule junction. Nat. Commun. 7:11595 doi: 10.1038/ncomms11595 (2016).

46. Breuer, R. & Schmittel, M. Redox-stable SAMs in water (pH 0-12) from 1,1’-biferrocenylene-terminated thiols on gold.
Organometallics 31, 6642-6651 (2012).

47. Nitzan, A., Galperin, M., Ingold, G.-L. & Grabert, H. On the electrostatic potential profile in biased molecular wires. J. Chem. Phys.
117, 10837-10841 (2002).

48. Liang, G. C., Ghosh, A. W,, Paulsson, M. & Datta, S. Electrostatic potential profiles of molecular conductors. Phys. Rev. B 69, 115302
(2004).

49. Kornilovitch, P. E., Bratkovsky, A. M. & Williams, R. S. Current rectification by molecules with asymmetric tunneling barriers. Phys.
Rev. B 66, 165436 (2002).

Acknowledgements

A.R.G., E.D.B. and E.R.M. acknowledge support from the National Science Foundation (grants NSF-ECCS
#1402990 and #1518863). D.T. acknowledges the Science Foundation Ireland (Grant No. 11/SIRG.B2111), and
computing time at the Irish Centre for High-End Computing. C.A.N acknowledges support from the National
Research Foundation, Prime Minister’s Office, of Singapore under its Medium sized centre programme, and the
NRE fellowship award No. NRF-RF 2010-03.

Author Contributions

AR.G. performed the single-electron transport measurements, L.Y. and L.W. synthesized and characterized
the SAMs, and performed the J(V) measurements of the SAM-based junctions discussed in the article. E.R.M.
described the formal theoretical treatment employed in the analysis of the experimental results (included in the
supplementary information). D.T. assisted in the interpretation of the results. E.d.B. and C.A.N. supervised the
project. All the authors contributed to writing the manuscript

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Garrigues, A. R. et al. A Single-Level Tunnel Model to Account for Electrical Transport
through Single Molecule- and Self-Assembled Monolayer-based Junctions. Sci. Rep. 6, 26517; doi: 10.1038/
srep26517 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
BN o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:26517 | DOI: 10.1038/srep26517 15


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A Single-Level Tunnel Model to Account for Electrical Transport through Single Molecule- and Self-Assembled Monolayer-based Junctions
	Introduction
	Results
	The single-level transport model: Coherent versus incoherent tunneling
	Three-terminal single-electron transistor measurements of a Ferrocene-based junction
	A two-level SAM-based molecular junction
	Maximum rectification ratio for a single-level junction
	Determination of the electrostatic potential profile in a molecular junction
	Linear electrostatic potential profile
	Correction for the screening of the electric field by the molecule



	Discussion
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                A Single-Level Tunnel Model to Account for Electrical Transport through Single Molecule- and Self-Assembled Monolayer-based Junctions
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26517
            
         
          
             
                Alvar R. Garrigues
                Li Yuan
                Lejia Wang
                Eduardo R. Mucciolo
                Damien Thompon
                Enrique del Barco
                Christian A. Nijhuis
            
         
          doi:10.1038/srep26517
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26517
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26517
            
         
      
       
          
          
          
             
                doi:10.1038/srep26517
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26517
            
         
          
          
      
       
       
          True
      
   




