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ABSTRACT 

This paper describes a toy model that predicts with useful accuracy the tunneling current density 

obtained across self-assembled monolayers (SAMs) of organic molecules on gold or silver 

bottom electrodes, using a top electrode of the liquid eutectic mixture of indium and gallium 

covered with a native skin of gallium oxide (EGaIn) (e.g., M/A-SAM//Ga2O3/EGaIn junctions, 

where A is an anchoring group). Its goal was to establish if a simple theoretical treatment—one 

that could be implemented on a desktop computer by non-specialists—could be used to 

rationalize and predict the current density in EGaIn-based molecular junctions. Using the orbital 

energies and populations obtained from gas-phase density functional theory (DFT) on isolated 

molecules in a Simmons-like formalism (ignoring interfacial interactions by calibrating 

empirically to take them into account) allows rationalizing the experimental data that were 

obtained for SAMs of five series of molecules on Ag or Au substrates. Our model provides quite 

good estimates of current densities for most of the systems we have studied experimentally.  
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INTRODUCTION 

 The study of charge transport by tunneling across molecular junctions has, until recently, 

been difficult both experimentally—since it required complicated apparatus or long experiments 

in order to obtain statistically meaningful sets of data—and theoretically—because there were 

few sets of consistent data against which to test experimental methods, and because it has been 

unclear what type of level of theory to use. The realization of electronic devices operating at the 

single-molecule level1 has been even more difficult. The development of molecular junctions 

made by contacting self-assembled monolayers (SAMs) of the compounds of interest on flat 

metal substrates with a conformal electrode has solved parts of the experimental problems.2-11 

The most useful so-called “top” electrodes are liquid mercury—a system extensively explored by 

Cahen and others,8-10 and EGaIn—the liquid eutectic of gallium and indium, covered with a thin, 

rough, flexible oxide layer composed mostly of Ga2O3.
11 Those two electrodes have made it 

possible to measure current densities due to tunneling across a wide range of organic 

molecules.12-19 Neither method yields accurate absolute values of current densities but both yield 

reproducible, stable data that correlate systematic changes in molecular structure with trends in 

current density. 

While the experimental data accumulated with such systems have made it possible to 

establish empirical relationships between tunneling current densities and molecular structure,13, 

14, 16, 19-21  it is still not possible to rationalize or predict these trends theoretically in a way that is 

accessible to experimentalists, that guides empirical studies, that yields results that can be 

interpreted intuitively, or that can be used in molecular design.  

A variety of formalisms exist to describe charge transport in metal-insulator-metal 

junctions—including Green’s functions,22 the Simmons’ model,23-25 Marcus theory26, 27 and 



 
4 

variants as McConnell’s superexchange approach28—and those have been implemented in a 

range of degrees of computational sophistication. Interestingly, it has been suggested by Cahen 

and Kahn that a single molecular orbital could not account for the tunneling behavior of metal-

insulator-metal (MIM) junctions and that it was instead necessary to look at an ensemble of 

orbitals to define the tunneling barrier.29 

This paper describes a simple computational method to predict tunneling current densities 

across SAMs of molecules separating a bottom metallic electrode and a top Ga2O3/EGaIn 

electrode (e.g. junctions of type AgTS or AuTS/ART//Ga2O3/EGaIn, where AuTS and AgTS are 

template stripped gold or silver substrates, ART is a molecule containing an “anchoring” group 

A–, a backbone –R– and a terminal group –T; for example –S(CH2)nCH3 or –O2C(CH2)nCH3). 

The objective of this work is to test the utility of one of the simplest possible approaches to this 

problem: a density functional theory (DFT) calculation that includes only the molecules making 

up the SAM, and explicitly neglects the metals and metal oxides of the electrodes, the bonds 

connecting the molecules to the electrodes, other details of the interfaces, and intermolecular 

interactions among the molecules in the SAMs. This calculation, in essence, considers the 

molecules as isolated in the vapor phase. 

We thus wished to determine if the molecular orbital energies—derived from gas-phase 

DFT calculations of the molecules constituting the SAM, and ignoring all other influences—

could be used in a formalism based on the Simmons’ model to predict trends in tunneling current 

densities within families of organic compounds. The objective of this work was not to provide a 

detailed rationalization of tunneling currents (per molecule or per junction), but to provide 

enough information to predict trends in current densities within a family of structurally related 
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molecules, and to guide physical-organic studies, to support molecular design, and to suggest 

structural features that might lead to new effects. 

There are different ways of computing the current in molecular junctions. The most accurate 

is probably calculating the transmission of charge using DFT and non-equilibrium Green’s 

functions (DFT-NEGF) calculations.30, 31 Ratner et al. have, for instance, used this method 

successfully to explain the insensitivity of the tunneling current observed by Yoon et al. in a 

series of SAM-based junctions with molecules bearing different organic substituents.32 This 

approach is powerful, particularly when performed with extended molecules bound to metallic 

clusters (in lieu of electrodes), since it accurately describes the interactions between the metal 

and the organic compounds and therefore can account for effects arising from this coupling. This 

method is not easy to implement by experimentalists without an extensive knowledge of ab initio 

calculations, and is too disconnected from intuitive rationalization to make it useful for rapid 

screening and design of molecular junctions. For this reason, we sought to test a simple 

approach—one more easily used by experimentalists—based on another commonly used 

formalism: the Simmons’ model. The approach we use, and describe here, includes a number of 

approximations, but seems to work remarkably well when tested against many sets of 

compounds we have already studied experimentally. 

To determine molecular orbital energies and geometries, one can use different levels of 

theory, with different accuracies. Potential candidates include methods such as molecular 

mechanics, or semi-empirical models such as PM6.33 The former provides a crude estimate of the 

optimal molecular geometries for the molecules making up the SAM, while the latter estimates 

both the geometry and the molecular orbitals of the system. The agreement between theory and 

experiments with these types of theory is rather poor for the prediction of molecular structures 
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and orbital energies, and DFT is now used extensively by both experimentalists and theoreticians 

for those purposes, with sufficient accuracy for many applications. 

In the case of molecular junctions, DFT can be used to model the whole system—including 

the structure of the metallic leads, and an array of self-assembled molecules in between those 

leads—by designing the unit cell of the system appropriately and simulating an infinite array 

with suitable periodic boundary conditions. This type of approach, while providing good 

information on the effect of the interfaces in the system, requires long calculation-times, and is 

better suited for the examination of one specific configuration in detail, than it is to screen or 

survey many different compounds. 

Another possibility is to simulate a single molecule bound to a metallic cluster that is 

deemed representative of the anchoring electrodes used in the junctions.19 This approach can 

give useful information about the interaction between the metal and the molecule anchored to it. 

This type of information can be important where there is strong coupling between the molecule 

and the substrate, and in particular is important for molecular spintronics, where the influence of 

the interface (sometimes termed the “spinterface”) between the magnetic electrodes and the 

magnetic molecule can strongly influence the spin-injection processes, and in particular is the 

key to the occurrence or the absence of magnetoresistance.34 It has the disadvantage that it 

assumes a given geometry for the bond of the organic molecule to the metal, and different 

assumptions yield different results. 

In order to test a simple toy model—for which the calculations could run on a desktop 

computer—we predicted tunneling current densities based on gas-phase DFT simulations (i.e. 

isolated molecules in vacuum with no electrodes and no neighboring molecules or atoms) of 

thiolates and carboxylates, using the commercial implementation in Gaussian. By performing the 
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simulations in gas phase, we intentionally neglected both the effect of coupling to the electrodes 

and the effect of intermolecular interactions on the tunneling current densities, and we assumed a 

simple (usually maximally extended) geometry for the molecules being examined. We did, 

however, correct the work function of the electrodes by taking into account the dipole moments 

along the molecules in the SAMs, as estimated by DFT. 

The Simmons model, described by Simmons in three papers23-25 and rewritten and amended 

by a number of authors,35-38 is one of the most common models used to describe tunneling 

through insulators. It was derived for condensed matter, and states that the current density across 

a tunneling barrier of arbitrary shape25 (see Figure 1), between two electrodes with a similar 

work function, at an applied bias voltage V can be written in its general form as: 

                             [1]   

where  

                                         	         [2]  

and 

∗
  [3]  

In this model,  (eV) is the spatial average value of the tunneling barrier height across the 

tunneling barrier, d (Å) is the width of the tunneling barrier defined by the thickness of the 

insulating layer, e (C) is the elementary charge, h (J.s) is the Planck constant, α is a 

dimensionless correction factor introduced by Simmons to account for the mathematical error 

due to spatially averaging the tunneling barrier (Simmons labels this factor β, but we chose to 

use the symbol α to differentiate it from the common notation used for the decay rate constant β 
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Figure 1. Schematic representation of a metal-insulator-metal junction for an arbitrarily shaped 

barrier. The barrier height for electron (or hole) tunneling is given by the energy difference 

between the work function of the electrodes and the energy of the accessible empty (or filled) 

states across the length of the junction. In this example, the average barrier height for electrons 

 is significantly bigger than that for holes  and the system is therefore described by hole 

tunneling through the filled states. Ef (eV) is the Fermi energy, B and T (eV) are the work 

functions of the bottom and top metal electrodes, respectively, and d (Å) is the distance between 

the surfaces of the electrodes. 
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in the simplified Simmons equation), and me (kg) is the rest mass of the electron. With those 

definitions, J1 has units of current density (A.cm-2, if d is expressed in cm).  

Moreover, particles travelling through matter behave as if they possessed an effective mass 

different from their actual mass. To account for this behavior, in periodic systems, the effective 

electron mass is conventionally written as m*.me where m* is a dimensionless constant. While this 

notation was originally used to explain the behavior of electrons in crystalline solids, Kivelson et 

al. developed a generalized effective mass theory39 that describes the effective mass of charge 

carriers (for both electron and holes) in non-periodic systems.  

Equation 1 can be understood as the sum of two current densities; one flowing from the 

bottom electrode to the top electrode, and the other flowing in the opposite direction. Both 

currents should be considered to describe the voltage dependency of the tunneling current 

density (taken individually, both terms result in a finite non-zero current density at zero bias, and 

it is only their combination that results in a sensible 0 net current density at V = 0). When 

working at a constant bias voltage V, and in series of SAMs made from compounds with 

different length but otherwise comparable molecular structure (i.e. thiolates or carboxylates with 

a common terminal group (e.g. CH3 or even H) and which backbone consists of a repeating unit 

like –CH2–,  –C6H4–, etc…)  many authors chose to use an equation (eq. 4) similar in form to the 

Simmons model  to describe the decay in tunneling current density within those series, as a 

function of the number or repeating units: 

	       [4] 

where J0 is a voltage dependent pre-exponential factor which contains information about both 

interfaces and the nature of the molecular backbone, β is the tunneling rate decay parameter 

which contains essentially information from the average barrier height for the series of SAMs 
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under study, and d is usually the molecular length or the thickness of the SAM. We detail in the 

SI the expressions for J1 and β, and how—and under what assumptions—one can simplify Eq. 3 

into Eq. 4.  

The value of  is defined as the absolute value of the energy difference between the fermi 

energy of the electrodes and the orbitals participating in charge transport, which defines the 

barrier height for tunneling.25 If the average barrier height is smaller than the applied bias, the 

system would be in the Fowler-Nordheim tunneling regime,40(also called field emission), and 

would therefore not be described accurately by the Simmons’ model. Considering those 

limitations, Equation 1, and in particular the notion of average tunneling barrier height—which 

allows us to apply the simple analytical formula from Eq. 1 as it was derived by Simmons—

should therefore hold true as long as the tunneling barrier does not enable other mechanisms, 

which can be expressed as  for 0 . At a given bias, therefore, the current 

density depends primarily on the average height of the tunneling barrier, , its length, d, and the 

effective carrier mass m* in the junction. 

In principle, the electronic structure of the molecules forming the SAM, defining their 

molecular orbital energies, should depend on the electronic structures of the interface and in 

particular on the coupling between the band structure of the electrodes and the molecules in the 

junctions. As a simplifying assumption, we chose here to neglect this coupling of molecular 

orbitals with interfacial orbitals entirely. This assumption could lead to incorrect absolute values 

of current density, but it might still allow useful calculations of trends across a series of 

structurally related organic molecules in which the effect of the interfaces could be considered to 

be constant for all the molecules in the series. The inability to calculate absolute currents is also 

influenced by other factors such as the area of electrical (rather than geometrical) contact at the 
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interface, the local electronic structure of the interfaces, defects in the SAMs, uncertainties in the 

structure of the SAMs and the conformation of the molecules, and others. Our approach will 

therefore be useful only for systems in which the coupling between the molecules in the SAMs 

and with the electrodes is negligible, or in which this coupling is constant across the series of 

organic SAMs being studied. If we can determine  for 0 , and the value of d itself, 

then we can also estimate the value of  and use it to estimate the current density with 

Equation 1. 

RESULTS AND DISCUSSION 

In the absence of molecules between the two electrodes making up the junction, there would 

only be electron tunneling, and the top of the barrier would be the vacuum energy. On the 

contrary, when tunneling through a SAM, the molecular orbitals (occupied or not) provide a low 

energy path for tunneling. If we assume the interfaces to make a constant contribution to the rate 

of tunneling, or (equivalently for the perspective of this treatment) if we simply ignore them, 

then the tunneling barrier height is the difference between the energy of the accessible orbitals 

for tunneling and the average work function of the electrodes used in the junction (see Figure 1).  

To estimate the tunneling current densities with the Simmons’ model, we must therefore 

define the barrier shape , and from that shape, estimate the average height of this barrier, . 

We estimated 	based on the energies of the molecular orbitals and their distribution of electron 

densities determined by DFT.  

We simulated the properties of neutral isolated molecules (H-S-R, where R is an organic 

molecule with a well-defined extended conformation) in the gas-phase. Starting from an initial 

all-trans extended configuration, we used DFT with the B3LYP41, 42 functional and the 6-31G** 

basis set43, 44 to optimize the geometry of the compounds, and determined the orbital energies by 
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performing a single-point energy calculation using the slightly more accurate 6-31++G** basis 

set augmented with diffuse functions.45  

For the compounds in this study, the filled orbitals (HOMO, HOMO-1, HOMO-2…) are 

much closer in energy to the work-function of the electrodes than are the empty orbitals (LUMO, 

LUMO-1, LUMO-2…). For this reason, we expect the predominant mechanism of charge 

transport to be hole tunneling, and the relevant molecular orbitals for the system to be the high-

lying occupied orbitals. We used the orbital energies derived from DFT calculations to estimate 

the effective barrier height, which we then used to simulate the current densities across 

molecular junctions of the form AuTS/SAM//Ga2O3/EGaIn for five series of compounds, and 

compared the results of those calculations to experimental data previously reported by our 

group.19, 46, 47 To estimate the barrier—assuming that one knows the work functions of the 

electrodes—one must first establish which orbitals are relevant, and then compute the average 

value of  across the junction. 

 We initially expected that using a single molecular orbital would suffice to describe the 

junctions, but we soon realized that the HOMOs of the compounds we studied were close in 

energy, and that the small differences in energy could not account for the big differences 

observed experimentally for the tunneling current densities of their molecular junctions. We will 

first show that considering only a single molecular orbital when determining the barrier height—

a simplification that was shown by Cahen and Kahn29 to be unrealistic—provides  poor 

correlation between experimental and simulated current densities and that it is necessary, instead, 

to construct a more elaborate tunneling barrier height by looking at the ensemble of the highest 

occupied molecular orbitals (HOMO, HOMO-1, HOMO-2…) to estimate .  
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Single-orbital model 

Assuming that hole tunneling is the predominant mechanism of charge transport, we sought 

to estimate the current densities according to the Simmons’ model by taking into account only 

the HOMO energies of five series of compounds including the series of linear alkanethiols, Cn 

(HS(CH2)n-1CH3, for n = 6-18), the linear alkylcarboxylic acids, Cn-Acid (HOOC(CH2)n-2CH3, 

for n = 4-18), and compounds 1-16 (see Figure 2). We then estimated the barrier height  for the 

EGaIn junctions of SAMs of compounds Cn and 1-16 on AuTS, and of compounds Cn-Acid on 

AgTS from their HOMO energy EHOMO as: 

	      [5]  

Where we take 	 to be the average work function for the top (EGaIn) and bottom electrodes 

(AuTS or AgTS): 

      [6]  

We took commonly accepted literature values for the work functions of the top and bottom 

electrodes as ~5.1 eV for gold,48 ~4.2 eV for EGaIn,49 and ~4.26 eV for 

silver.48 

We also calculated the molecule length as the distance between the center of the anchoring 

sulfur atom and the distal non-hydrogen atom, to which we added its van der Waals radius. We 

used this distance rather than the distance to the distal hydrogen atom to have a consistent way of 

estimating d for all of the molecules studied, including the carboxylic acid terminated species. 

Indeed for the latter, the position of the acidic hydrogen atom is ill-defined, and in any case the 

van der Waals radius of oxygen or carbon is so large that geometrically, the contribution of the 

hydrogen atom to d is negligible.  
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In a tunneling junction, conflicting opinions exist as to whether one should consider the 

tunneling barrier width to be defined by the full length of the molecules involved or by the 

effective thickness of their SAM. Recent results on nanoelectromechanical junctions, for which 

the molecules in the gap are unchanged while the distance between electrodes is modified 

actively by the application of a potential bias50 seem to provide convincing arguments for a 

geometrically defined model. We therefore estimated the width of tunneling barrier d  by 

correcting the molecular length by the cosine of the molecular tilt angle, which is generally close 

to 30° for most systems, but deviates significantly from this value for aromatics.51  We assumed 

a tilt angle of 30° for all compounds except for compounds 14-16 for which we used the value of 

20°, according to experimental data from the literature.52, 53 We used this method to determine d 

for n-alkanethiols and n-alkylcarboxylic acids, (see Table S1), for compounds 1-16 (see Table 

S2), and for compounds OEGn (see Table S3). 

To estimate the current densities at a given potential bias V using the Simmons’ model 

(equation 1), the only missing parameters are then α (a dimensionless correction factor close to 

unity) and the effective carrier mass, m*.  

Since we know that the values of current densities provided by different types of junction 

(i.e. liquid top electrode of Hg, evaporated Au, graphene, PDOT)36, 54-59 can differ by several 

orders of magnitudes—for reasons that are only partially understood but certainly have large 

(perhaps dominating, in most cases) contributions from the electrical contact area between the 

SAM (which is itself rough) and the top electrode—we added a correction factor C to calibrate 

our predictions by normalizing the results to a calibration standard, n-dodecanethiol, by 

estimating a calibration factor C which we apply to all junctions such that: 

 log
.

log
.

     [7]  
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Figure 2.  Molecular structure of the compounds 1-16, Cn, Cn-Acids and OEGn used in this 

study. 
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This procedure assumes that the area of effective electrical contact is the same for every 

SAM as it is for SAMs of C12 n-alkane thiolates. This assumption is justified by the narrow 

spread of values measured with these junctions (log σ = 0.2–0.5, with σ in A.cm-2) where this 

narrow range in the standard deviation, σ, seems to be influenced predominantly by 

uncharacterized differences in the structure of the SAM and by differences in roughness of the 

contacting surfaces. 

We finally chose to set α = 1 and to determine empirically the reference values of m* and 

C for all compounds, by using the series of SAMs of n-alkanethiols on gold as a well-defined 

standard, and by fitting the logarithm of the simulated current density values at V = 0.5 V to the 

experimental ones for compounds C6-C18. With our parametrization, for the linear dependence 

of log|J| vs. n for compounds Cn, the effective mass essentially control the slopes of the curve, 

while the correction factor C controls its vertical offset. We found that the best fit to the 

experimental data was obtained for C = -4.89 and m* = 0.33 (see Fig. 3a). 

Using the same values of m* and C, we simulated the current densities for the series of 

SAMs of compounds Cn-Acid (n = 4-18) on AgTS (see Fig. 3b), and compounds 1-16 on AuTS 

(see Fig. 4). The agreement between calculated and experimentally measured current densities is 

rather poor for all of the compounds, except for the Cn alkylthiolates (that were used to calibrate 

the model) and for the series of aromatic compounds 11-16. One way to quantify the agreement 

is to compute the root mean square error (RMSE) that gives an indication of the average 

deviation of the simulated data from the “true” values obtained experimentally. For this model, 

the RMSE (for compounds 1-16 and CnAcid) for log |J| values is 0.963, which corresponds to 

about three times the standard deviation of the experimental data.  
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Figure 3. Comparison of the logarithm of the current densities, log|J| at V = +0.5 V predicted via 

a single orbital model (empty circles) to the values determined experimentally with an EGaIn 

junction setup for SAMs of n-alkanethiols on gold (top) and for SAMs of n-alkylcarboxylates on 

silver (bottom). The error bars represent the standard deviation of the experimental values of 

log|J| at V = +0.5 V).  
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Figure 4. Comparison of the logarithm of the current densities, log|J| at V = +0.5 V predicted via 

a single orbital model for SAMs of thiolates 1-16 on gold. The error bars represent the standard 

deviation of the experimental values of log|J| at V = +0.5 V. 
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Altogether this could mean one of two things: i) the empirical parameters we used for 

compounds Cn is not transferrable to the other series of SAMs, or ii) the one orbital model is not 

good enough to capture the complexity of the systems and provide good estimations of the 

tunneling current densities. Interestingly the estimation seems to be reasonably good for 

compounds 13-16 for which the HOMOs are mostly delocalized over the whole molecule. 

This observation, combined with the lack of accuracy in the estimation of the current densities 

for the compounds presenting more localized HOMO orbitals prompted us—in agreement with 

observations made by Cahen and coworkers—to develop a multiple-orbital model in which the 

localization of the occupied orbitals plays a role in the estimation of the tunneling barrier height. 

  

Multiple-orbital model 

Our multiple-orbital procedure involves analyzing the distribution of electron density of the 

filled molecular orbitals over the length of the molecule in the region between the electrodes 

(while explicitly ignoring both of the electrodes and the connection/contact between them and 

the molecule), and using this spatial information—combined with the corresponding orbital 

energies—to construct a 1D barrier profile. 

More specifically, we evaluated the contributions of each non-hydrogen atom in the molecules 

by performing a population analysis, which generated the electron density coefficient for each 

molecular orbital on each atom.  

Formally, molecular orbitals extend to infinity, but by imposing a cutoff in electron density, 

they can be constrained to regions of space, and in particular (for this work) to subsets of atoms. 

For each atom in the region between the electrodes, we determined the relevant orbital that 

satisfied the following two criteria: i) it is as close as possible, in energy, to the average work 
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function of the electrodes, and ii) it has a probability density higher than 1% on the atom being 

considered. We were limited by our computational method to populations of at least 1%, and we 

found that increasing the density cut-off values to 2% or more did not improve the accuracy of 

the simulation (see SI). We considered as many orbitals as were necessary to cover all of the 

non-hydrogen atoms in the junction at a level of electron density of 1% or higher. In some cases, 

the HOMO-1 was sufficient to construct a barrier spanning the whole molecule, and extending 

from one electrode to the other, in others it was necessary to reach the HOMO-7 orbital to 

characterize the barrier height in some parts of the backbone. In the example of compound 4 

(Figure 5), only four occupied molecular orbitals were necessary to obtain a density higher than 

1% on all atoms, while for compound 6, it was necessary to include nine orbitals (see SI). 

Once we determined the shape of the tunneling barrier—by determining locally, on each 

atom along the backbone, the energy of the relevant molecular orbital Eorb—we computed the 

average barrier height, similarly to what we did for the single orbital model, but using instead of 

EHOMO  the average orbital energy 〈 〉 along the tunneling direction (by averaging over atoms 

along the molecule, irrespectively of the amplitude, as long as it is higher than 1%): 

〈 〉 	      [8]  

Where 	 is the average work function for the top (EGaIn) and bottom electrodes (AuTS or AgTS),  

and 〈 〉 is the non-weighted arithmetic mean of the orbital energies of the atoms in the 

backbone of the molecule. We chose to perform a discrete summation on individual atoms rather 

than integrating over distance—which is a simplified view of a much more complex reality—as 

it simplifies numerical treatment to a great extent, and the integral would itself be an 

approximation. 
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Figure 5.  Result of the population analysis for HS(CH2)2CONH(CH2)9CH3 (compound 4). This 

plot represents the orbital energies along the backbone of the chain. The labels are the 

corresponding densities, obtained by DFT, that allow us to determine what orbitals constitute the 

barrier shape locally. The shape of the simplified tunneling barrier (red solid line) is obtained by 

taking the most accessible orbital on each site and by neglecting interfacial effects. We also 

assume that the barrier is only linearly distorted by the application of a bias voltage. Since we are 

considering hole tunneling, the barrier is upside down, as it costs energy for a hole to go 

downhill in energy. 
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We applied this methodology to compute the average barrier height for SAMs of compounds C6-

C18 (see Table S1) and compounds 1-16 (see Table S2) on AuTS, and for SAMs of compounds 

Cn-Acid (n = 4-18) on AgTS (see Table S3).  

With the newly determined average tunneling barrier heights ( ), we again calibrated the 

model by adjusting empirically the values of m* and C using the series of compounds Cn (n = 6-

18) and estimated the current densities using the Simmons’ model (equation 1). 

This time, the best fit to the experimental data was obtained for C6-C18 for m* = 0.20 

and C = -4.74. The trend for the values of log|J| are nicely reproduced for the Cn series on AuTS 

(see Figure S16a), and the Cn-Acid compounds on AgTS (see Figure S16b), while for compounds 

1-16 on AuTS, most of the theoretical predictions are within one standard deviation of the 

experimental data (see Figure S17). The RMSE for this set of data is 0.43, which corresponds to 

about 1.5 times the standard deviation of the experimental measurements, and is a great 

improvement with respect to the single orbital model.  

There are a few notable outliers, and the inaccuracy of the simulation is particularly 

noticeable for compounds 3 and 5-8. Those compounds happen to be those with the stronger 

dipole moment along the molecule, and we therefore decided to refine the model by taking into 

account the molecular dipoles to correct the average work function of the electrodes. 

 

Correction of the work function 

The work function of a metallic electrode covered with a SAM is affected by the dipole 

moment of the molecules in the SAM.22, 60, 61 The change in work function due to the dipole 

moment of the SAM is given by the following formula:  

       [9] 
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where μ is the projection of the dipole moment of the molecules on the surface normal, ε0 is 

the permittivity of vacuum, A is the area per molecule.  

When individual molecules are arranged in a SAM, the electric fields of the individual 

molecular dipoles partially cancel each other out by an amount that depends on the packing 

density and the relative orientation of the dipoles. The effective molecular dipole per molecule in 

the SAM is thus much lower than that of individual molecules, which is taken into account in 

Equation 9 by a depolarization reduction factor kred.
60, 62, 63 We extracted the dipole moments 

directly from the output of the DFT calculations, and we took into account the component of the 

dipole moment perpendicular to the surface of the electrode. This dipolar correction has very 

little effect on the current densities for SAMs of compounds C6-C18 (since their dipole moments 

are rather small), and we therefore had to proceed differently.  

Starting from the values of m* and C obtained previously (0.20 and -4.74, respectively) we 

determined the optimal value of kred that maximizes the agreement between the simulated and 

experimental values of current densities J(0.5V) for compounds 1-16 (kred = 13.8). We then used 

this value of kred to correct the simulated data for compounds C6-C18, and adjusted the values of 

m* and C accordingly, yielding final values of kred = 13.8, m* = 0.20 and C = -4.83. The trends 

for the values of log|J| are nicely reproduced, and the final results including the dipolar 

correction are presented in Figure 6 and 7. 

 When taking into account the influence of the dipole moment of the molecules, we find that 

the agreement between the experiments and the theory is generally good, across all 5 series of 

compounds. It yields an overall RMSE value (excluding compounds C6-C18 that were 

extensively used to calibrate the method) of 0.24—smaller than the typical experimental standard  
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Figure 6. Comparison of the logarithm of the current densities, log|J| at V = +0.5 V predicted via 

our method (empty circles) to the values determined experimentally with an EGaIn junction 

setup for SAMs of n-alkanethiols on gold (top) and for SAMs of n-alkylcarboxylates on silver 

(bottom). The error bars represent the standard deviation of the experimental values of log|J| at V 

= +0.5 V).  
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Figure 7. (a) Comparison of the logarithm of the current densities, log|J| at V = +0.5 V simulated 

via a single orbital model for SAMs of thiolates 1-16 on gold and (b) direct visualization of the 

deviation from the ideal prediction line (continuous red line). The error bars represent the 

standard deviation of the experimental values of log|J| at V = +0.5 V. 
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deviation—and compares nicely to the RMSE of 0.20 that we evaluated for the data obtained by 

Ratner et al.32 in a recent theoretical paper on EGaIn junctions—based on experimental data 

from Yoon et al.15—calculating detailed transmission coefficients using Green’s Functions. The 

good overall agreement becomes more evident when one plots the experimental current densities 

against the predicted ones (Figure 7b).  

 We have simulated the molecules by DFT in gas phase, thus assuming that the coupling 

between the molecule and the electrodes does not have a significant effect on the orbital energies 

of their backbone, and that therefore it does not significantly perturb the current density. For the 

aromatic compounds, it has nevertheless been shown47 that there can be strong interactions 

between the bottom metallic electrode and the molecular backbone, as evidenced by the 

occurrence of orbitals delocalized over both the molecule and the metal. While this fact could 

prove to be a limiting case for our method, the agreement for aromatic compounds 11-16 does 

not differ significantly from that observed for compounds 1-10. Another potential source of 

discrepancy could arise from the assumption that the effective carrier mass m* is similar for all 

of the compounds shown here. For instance, it would be reasonable to assume that due to the 

presence of delocalized  electrons in the aromatic species (11-16), the effective carrier mass be 

different than for the non-conjugated species (1-10), which could have resulted in a lesser 

agreement observed between theory and experiment for aromatics compounds using our model. 

It is also noteworthy that our method—despite the change of anchoring group (carboxylate 

instead of thiolate) and the change in the nature of the bottom metallic electrode (Ag instead of 

Au)—reproduces the data for carboxylic acid SAMs on silver46 quite accurately, provided that 

one takes into account the work-function of Ag instead of that of Au. We note, that the biggest 
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overall discrepancy observed across all five series of compounds—considering the error bars—is 

less than half an order of magnitude. 

 The case of OEGs 

##Note: George, the OEG case is controversial. After thinking it over many times and discussing with my 

colleagues (in particular with Dr. Poggini, a skilled spectroscospist) I am now utterly convinced that: 

i) We should really consider the thickness of the SAM and not the molecule length. In particular 

this explains and models well NEMs data that can hardly be explained by assuming through-

bond models. 

ii) The angle-resolved XPS measurements performed by Piotr are quite nice but it relies on an 

estimated mean free path that (according to my colleagues) make deductions of experimental 

thicknesses by angle-resolved XPS an unreliable method. And there is therefore little reason 

to give better faith to the XPS-based thicknesses than the ellipsometry ones 

iii) The simulation performed on the OEGs with the method presented here IS giving us the right 

answer (right trend, almost exact current density values) when taking into account a through-

space model and when using an effective thickness equal to the one determined 

experimentally by ellipsometry. 

I am well aware that this may go against some of the collective belief of the group / group of 

authors, and goes against some of our previous conclusions. I do believe, however that this is 

the correct answer to this problem. In this context I don’t feel it’s right to use XPS-derived 

thickness and conclude that the toy model doesn’t work. I believe we should include the data 

with thicknesses determined by ellipsometry instead. 

If you feel that this is not acceptable, then I suggest we remove this data from this paper. 

Otherwise I’d be happy to include them because I feel that they DO provide an interesting 

answer and also make a good case for the model. 

----------------- 
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Finally, we used our method to model the tunneling current results we obtained recently in 

SAMs of oligoethylene glycol (OEG) on gold (see Figure 8).64 When using directly the barrier 

width d derived from DFT, we observed a significant deviation from the experimental data. 

Nevertheless, it is well known that SAMs containing oligoethylene glycol motives can pack in a 

variety of configuration, and in particular that their conformation can be helicoidal and therefore 

differ strongly from the ideal trans-extended geometry we simulated. 

 By performing ellipsometry measurements on the SAMs, we obtained a different estimation 

of their thickness (see Table S4). We used those measured values as the tunneling barrier width 

d, and used the average barrier heights determined from gas-phase DFT with our method to 

compute the tunneling current density. We find that even with those experimentally determined 

thicknesses, the experimental results still differ significantly from those obtained by our method 

(see Figure 6). 

 This last result demonstrates a limitation of our model, and the importance of knowing the 

proper conformation of the molecules in the SAM. When the geometry of the SAM differs 

strongly from the ideal trans-extended conformation, we therefore need extra information to 

validate our model. 
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Figure 8. Comparison of the logarithm of the current densities, log|J| at V = +0.5 V predicted via 

our method using the barrier width d obtained from the geometry optimized by gas-phased DFT 

(empty triangles) or using the layer thickness determined by ellipsometry measurements (empty 

circles) to the values determined experimentally (filled squares) for SAMs of 

oligoethyleneglycol molecules on gold. The error bars represent the standard deviation of the 

experimental values of log|J| at V = +0.5 V.  
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CONCLUSIONS 

The use of EGaIn junctions has proven to be a fast and reliable method to establish 

structure/property relationships in the tunneling behavior across insulating self-assembled 

monolayers. With an extremely simplified model that i) does not take into account the interaction 

with the electrodes, and  ii) neglects the lateral interaction between molecules in the SAMs, we 

have been able to simulate the current densities across six series of junctions with good overall 

accuracy; good enough to guide experimental design. It seems plausible that the simplifications 

we have made—reducing the substrate to its work function, and neglecting the interaction 

between the molecules and the metal—make the predictions deviate from the experimental 

results (as it is the case for the aromatic compounds 11-16 and the OEGn).  

 It is nevertheless encouraging, instructive, and useful to see that the agreement between 

experiment and simulation is good even under such significant assumptions. This agreement 

opens the door to doing those predictions on a desktop computer in a matter of a few hours. This 

study points at three important results: i) The Simmons’ model—which is sometimes 

controversial—makes it possible to model relative rates of charge transport across series of 

organic molecular junctions, provided that one performs appropriate calculations of the energies 

of the molecular orbitals. This agreement includes series (e.g. those involving oligomers of 

glycine, those comparing HS(Ph)n and HSCH2(Ph)n) that show unexpected trends. ii) The data 

collected via EGaIn junctions made with a wide variety of molecular structure are in very good 

agreement with the values predicted by theory. This agreement validates this predictive method 

as a method of choice for the study of structure/property relationships in molecular tunneling 

junctions, and also support the internal consistency of empirical results obtained using the EGaIn 
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junction. iii) The theoretical method presented here allows, as it was the case with the OEG 

series, to rationalize unexpected behaviors and to shine light on the underlying phenomena. 

We hope that the simplicity, physical transparency, and convenience of use of this method 

will make it easier to predict new systems (and new phenomena) to study using tunneling 

junctions, and to design functional devices by engineering the barrier shape. For instance by 

introducing local traps along the backbone of the molecules in the SAM it may be possible to 

design a simple molecule that behaves as a resonant tunneling diode. 
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Simplification of the Simmons’ Formula in the low voltage approximation: 
 
The Simmons’ model, developed by Simmons’ in the early 60s included a variety of formula 
designed to address different limit cases, for low, medium and high-voltage approximations for 
instance. The common assumption made by most subsequent studies employing this model is 
that of the low voltage range approximation which allows to develop a simple, single-
exponential formula for the interpretation of molecular junctions experiments. We re-transcribe 
here Simmons’ simplification for the low voltage case, as it has some important implications that 
are sometimes overlooked. 
 
The full Simmons’ equation is commonly written under the form: 
 

                            

 

with 	   and 
∗

. 

Which can be rewritten by a change of variable, assuming :  

 

                            

 
Which is the same as: 
 

                         /    

 
And since for low voltage ≫ : 
 

                            

 
Which can be rewritten as: 
 

                         /    

 

Expanding /  in first order in V, one gets: 
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                         1 /2 1   

 

And since  >>1: 

 

2
 

 
Replacing J1 and A by their formula (see above) in the pre-exponential factor, one gets: 
 

2 ∗

	  

 
Which can finally be written as: 
 

 
 

Where , ,
∗

, and  
∗

 

 
It therefore appears that J0 does not only depend on the applied bias potential V, but also on the 
average potential barrier height for the junction under study, and on the width of the barrier d.  
 
In particular, J0, although sometimes described as a constant that depends only on V and that is  
constant for whole series of molecules, is formally completely dependent on the molecule being 
studied (as it depends on both d and ).  
 
On the other hand, the decay parameter β is also a function of the potential barrier height which 
means that considering a unique value of β across series of similar compounds of different length 
is formally incorrect. Indeed, the molecular orbitals n-alkanethiols of different length (for 
example) will have different energies depending on the length of the molecular backbone (see 
Table S1). 
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Table S1. Calculated values of the average energy across the gap <Eorb>, the barrier height 	for 

AuTS and EGaIn electrodes ( 4.65	 ), the effective value of the barrier height  and the 

length d for compounds C6-C18 in the low-bias regime. 

Compound  <Eorb>   (eV) φeff (eV) d (Å) 

C6  ‐8.18 3.53 3.23 8.30 

C8  ‐8.13 3.48 3.18 10.52 

C10  ‐8.07 3.42 3.12 12.75 

C12  ‐8.01 3.36 3.06 14.98 

C14  ‐7.97 3.32 3.02 17.19 

C16  ‐7.93 3.28 2.99 19.40 

C18  ‐7.91 3.26 2.97 21.61 

 

Table S2. Calculated values of the average energy across the gap <Eorb>, the barrier height 	for 

AuTS and EGaIn electrodes ( 4.65	 ), the effective value of the barrier height  and the 

length d for compounds 1-16 in the low-bias regime. 
  

Compound  <Eorb>   (eV) φeff (eV) d (Å)  μ (D) 

1  ‐8.00 3.35  3.11  15.8  0.72 

2  ‐7.63 2.98  2.73  15.6  0.78 

3  ‐7.42 2.77  1.81  14.6  6.2 

4  ‐7.71 3.06  2.65  17.0  1.98 

5  ‐7.89 3.24  2.42  16.8  5.16 

6  ‐7.69 3.04  1.93  16.5  7.37 

7  ‐7.51 2.86  1.75  14.6  7.35 

8  ‐7.48 2.83  1.49  16.1  9.15 

9  ‐7.31 2.66  2.24  17.1  2.09 

10  ‐7.30 2.65  2.28  15.7  1.67 

11  ‐7.10 2.45  2.11  5.5  1.49 

12  ‐6.08 1.43  1.18  9.2  0.79 

13  ‐6.03 1.38  1.13  12.9  0.8 

14  ‐6.78 2.13  1.94  6.5  0.33 

15  ‐6.51 1.86  1.69  10.4  0.16 

16  ‐6.27 1.62  1.46  14.5  0.1 
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Table S3. Calculated values of the average energy across the gap <Eorb>, the barrier height 	for 

AgTS and EGaIn electrodes ( 4.23	 ), the effective value of the barrier height  and the 

length d for compounds C4Acid-C18Acid in the low-bias regime. 
 

Compound  <Eorb>   (eV) φeff (eV) d (Å) 

C4‐Acid  ‐8.12 3.89 4.10 5.72 

C6‐Acid  ‐8.23 4.00 4.21 7.95 

C8‐Acid  ‐8.09 3.86 4.07 10.18 

C10‐Acid  ‐7.96 3.73 3.94 12.39 

C12‐Acid  ‐7.81 3.58 3.79 14.62 

C14‐Acid  ‐7.75 3.52 3.73 16.84 

C16‐Acid  ‐7.63 3.40 3.53 19.06 

C18‐Acid  ‐7.63 3.40 3.53 21.30 

 

Table S4. Calculated values of the average energy across the gap <Eorb>, the barrier height 	for 

AuTS and EGaIn electrodes ( 4.65	 ), tunneling barrier width d as estimated by DFT and 
by ellipsometry measurements for compounds OEG1-OEG6. 
 
 

Compound  <Eorb>   (eV) d DFT(Å) 
d Ellipsometry 

(Å) 

OEG1  ‐7.11  2.46  5.89  3.81 

OEG2  ‐7.09  2.59  9.01  5.98 

OEG3  ‐7.07  2.57  12.04  7.78 

OEG4  ‐7.12  2.62  15.12  8.10 

OEG5  ‐7.27  2.77  18.17  9.99 

OEG6  ‐7.44  2.94  21.25  10.98 
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Figure S1.  Result of the population analysis for compound 1. 
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Figure S2.  Result of the population analysis for compound 2. 
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Figure S3.  Result of the population analysis for compound 3. 
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Figure S4.  Result of the population analysis for compound 5. 
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Figure S5.  Result of the population analysis for compound 6. 
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Figure S6.  Result of the population analysis for compound 7. 
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Figure S7.  Result of the population analysis for compound 8. 
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Figure S8.  Result of the population analysis for compound 9. 
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Figure S9.  Result of the population analysis for compound 10. 
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Figure S10.  Result of the population analysis for compound 11. 
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Figure S11.  Result of the population analysis for compound 12. 
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Figure S12.  Result of the population analysis for compound 13. 
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Figure S13.  Result of the population analysis for compound 14. 
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Figure S14.  Result of the population analysis for compound 15. 
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Figure S15.  Result of the population analysis for compound 16. 
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Figure S16. Comparison of the logarithm of the current densities, log|J| at V = +0.5 V estimated 

via a multiple orbital model (empty circles) without dipolar correction to the values determined 

experimentally with an EGaIn junction setup for SAMs of n-alkanethiols on gold (top) and for 

SAMs of n-alkylcarboxylates on silver (bottom). The error bars represent the standard deviation 

of the experimental values of log|J| at V = +0.5 V).  

 

  

a) 

b) 
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Figure S17. Comparison of the logarithm of the current densities, log|J| at V = +0.5 V estimated 

via a single orbital model for SAMs of thiolates 1-16 on gold. The error bars represent the 

standard deviation of the experimental values of log|J| at V = +0.5 V. 
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Figure S18. Comparison of the logarithm of the current densities, log|J| at V = +0.5 V estimated 

via our method for different threshold values of electron density to the values determined 

experimentally with an EGaIn junction setup for SAMs of thiolates on gold. The error bars 

represent the standard deviation of the experimental values of log|J| at V = +0.5 V). The value 

for compound C12 is our calibration standard and therefore is a constant. The values for 

compounds 10 and C6 are not significantly altered by changing the cutoff, while the quality of 

the prediction diminishes strongly for compounds 1 and 7 as we change the threshold in electron 

density from 1% to 2, 5, and 10%. 
 


