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Fitting the I/V curves of molecular junctions by simple analytical

models is often done to extract relevant molecular parameters such

as energy level alignment or interfacial electronic coupling to build

up useful property-relationships. However, such models can suffer

from severe limitations and hence provide unreliable molecular

parameters. This is illustrated here by extracting key molecular

parameters by fitting computed voltage-dependent transmission

spectra and by comparing them to the values obtained by fitting

the calculated I/V curves with a typical Lorentzian model used

in the literature. Doing so, we observe a large discrepancy between

the two sets of values which warns us about the risks of using

simple fitting expressions. Interestingly, we demonstrate that the

quality of the fit can be improved by imposing the low bias

conductance and Seebeck coefficient of the junction to be recovered

in the fitting procedure.

The field of molecular electronics aims at developing func-
tional nano-electronic devices by inserting molecules between
two metallic electrodes. The current–voltage (I/V) curves of
such devices can be measured by several techniques such as
conductive-AFM for self-assembled monolayers (SAMs) or
Mechanically Controlled Break Junction (MCBJ) for single
molecules.1–4 The electrical characteristics are governed by
two key molecular parameters which are often voltage depen-
dent: the energetic position of the molecular electronic levels
responsible for charge transport with respect to the Fermi
energy of the electrodes (e0) which is not easy to measure5

and the electronic coupling strength between these orbitals and

the electronic states of the electrodes (G) that cannot be
accessed directly experimentally. Although ultraviolet/inverse
photoelectron spectroscopy (UPS/IPES) are typically used to
infer the position of the electronic levels with respect to the
Fermi level of a substrate in a SAM configuration, the relative
position of the electronic levels is expected to be different in a
molecular junction configuration (due to additional interfacial
electronic coupling, built-in fields6 and image charge effects
when a second electrode is introduced).7

At the present stage, e0 and G parameters are mostly
deduced by fitting experimental I/V curves, considering that
the electronic transmission at the origin of the current is of
Breit–Wigner resonance type (Lorentzian-type shape); this
model considers a single molecular level (generally the HOMO
or LUMO of the molecule) at the energy e0 coupled to the
electronic states of the electrodes (Fig. 1).8–15 The full width at
half maximum of this Lorentzian reflects the amplitude of the
electronic coupling G. The Lorentzian-type expression of the
electronic transmission t(E) at a given energy E is expressed as:

tðEÞ ¼ 4GLGR

E � e0ð Þ2þ GL þ GRð Þ2
(1)

In the case of symmetric contacts between the molecule and the
two electrodes, GL and GR are equal (GL = GR = G) leading to the

Fig. 1 Simplified scheme featuring a single transporting molecular level
of energy e0 (here the HOMO) coupled by a coupling strength GR to the
right electrode and GL with the left electrode. The Fermi energy (EF) is
represented by the dashed line.
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simplified expression:

tðEÞ ¼ 4G2

E � e0ð Þ2þ4G2
(2)

It is important to stress that this model suffers from severe
limitations in considering that only one molecular transporting
level is present close to the Fermi level, as evidenced theoretically
by Neaton and co-workers.16 Using the DFT + S (i.e., with self-
energy corrections) formalism, some junctions show electronic
transmissions which deviate importantly from a Lorentzian-shape
curve.14 The single-level model is indeed expected to break down
for molecules displaying several close-lying energy levels in the
transmission window. A second important hypothesis of this
fitting model is to consider that the molecular parameters G
and e0 are bias voltage independent. In reality, and depending on
how the applied voltage drops across the molecule, the level
energy may be bias-dependent. Recent calculations clearly demon-
strated that G is a bias dependent parameter.17 Moreover, this
model does not account for the typical decrease in the intensity of
the transmission peak with increasing bias. Finally, if there are
several molecules in the junctions, the total transmission is not
simply the sum of the transmission spectrum of the individual
molecules so that a prefactor accounting for cooperative effects
should be introduced. Accordingly, we will only focus on single-
molecule junctions in the following. Despite its significant
restrictions, this model has been widely exploited by experi-
mentalists to shed light on the electronic structure of molecular
junctions and to establish relationships between the I/V
characteristics and the electronic structure of the molecular
junction. In this context, our paper aims at addressing the
reliability of this analytical procedure using quantum chemistry
(QC) as a tool able to provide in parallel I/V curves that can be
fitted using the same models as previously described in litera-
ture and the actual calculated electronic parameters of a single-
molecule junction based on calculated transmission functions.
This allows us to evaluate the accuracy of the fitting models in
recovering a correct amplitude for the two parameters using I/V
curves in comparison to the values calculated independently. It
is important to emphasize at this stage that the scientific
evidences given below are not dependent on the level of theory
used. The present work highlights that much care has to be
taken while using the single-level fitting procedure to extract
the physical characteristics of a molecular junction.

In order to exemplify the problems that can arise from I/V
curve fittings using this single-level model, we choose to evaluate
the transmission properties of the trans-Ru(TMA)(CRC–C6H4–
SH)2 molecule (TMA = 1,5,9,13-tetramethyl-1,5,9,13-tetraaza-cyclo-
hexa-decane) grafted to gold electrodes. This system has been
chosen as study case for several reasons. First, it is a symmetric
molecular junction in which the metallic center Ru(II) is coordi-
nated in a trans arrangement to conjugated (thiol)aryl-acetylide
organic linkers. The rest of the central metal coordination
sphere is completed by a tetra-chelating ligand via nitrogen
atoms (Fig. 2). This pseudo-octahedral environment stabilizes
the metal center to fulfill the 18-electron rule conferring a high

thermodynamic stability to the system. As lots of organometallic
complexes, it displays a weak oxidation potential in comparison
to most organic conjugated molecules,18 a feature which
promotes molecular levels close to the Fermi energy of the
electrodes. Since this system is known in its molecular
form19,20 and closely-related molecular junctions have been
successfully investigated experimentally by us and others21,22

it is highly suitable to experimental investigations. It has been
chosen as study case among a large series of candidates that we
have been screening since its calculated transmission properties
show a high transmission peak close to the Fermi level with a
quasi-Lorentzian shape, as required for this study.

The molecular junction is built by grafting the molecule to
two gold electrodes via sulfur–gold bonds on the hollow site of
the gold(111) surface (thiol hydrogens removed, see Fig. S1,
ESI†). The transmission spectra and I/V curves have been
simulated in the coherent regime at the DFT+NEGF level using
the ATK package software from Synopsys (see ESI† for addi-
tional computational details).23 The calculated transmission
spectrum given in Fig. 3b at zero bias (DV = 0 V) displays a
Lorentzian peak centered at e0 = �0.214 eV below the Fermi
level. A very narrow peak (hence not contributing to the current)
is also found at e1 = �0.4 eV and is associated to other states
involving the molecular backbone, (see Fig. S2, ESI†).24–26

Nonetheless, the main transmission peak can be accurately
fitted by a single level as shown below.

The Landauer formula used to estimate the current is given
in eqn (3), where mL,R is the chemical potential of the left (L)
and right (R) electrode, T the temperature, kB the Boltzmann
constant, and fL,R is the Fermi–Dirac function:

I ¼ e

h

ðþ1
�1

tðE;VÞ fL E; mLð Þ � fR E; mRð Þ½ �dE;

fL;R ¼
1

exp
E � mL;R
kBT

� �
þ 1

(3)

In the following, we will also refer to the Seebeck coefficient S
and the conductance G. S corresponds to the bias that can be
generated by a difference of temperature between the two
electrodes (S = �DV/DT)8,27–30 S has been measured for many
molecular junctions.31,32 This parameter can be calculated
using the transmission spectrum at zero bias (in the linear
regime approximation) and is formally defined at zero current I.
A simplification of the current equation (eqn (3)) can thus be
done (see ESI,† eqn (S1)–(S4)) leading to eqn (4). In this
expression, the Ln terms are incorporating integrals of the

Fig. 2 Chemical structure of trans-Ru(TMA)(CRC–C6H4–SH)2 (TMA =
1,5,9,13-tetramethyl-1,5,9,13-tetraazacyclo-hexadecane).
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Fermi–Dirac function at equilibrium (feq) (eqn (5) and (6))
which describes the distribution of electrons/holes over energy
states in the electrodes.8,27–30

S ¼ �1

T

L1

L0
(4)

Ln ¼ �
2e

h

ð
tðE;VÞ E � meq

� �n@feq
@E

dE (5)

feq ¼
1

exp
E � meq
kBT

� �
þ 1

(6)

The conductance G is calculated within the linear regime
approximation as:

G = L0G0, (7)

with G0 the quantum of conductance (77.48 mS). The coupling
(G) and the energy (e0) can be deduced in the single-level
approximation directly from each calculated transmission spec-
trum by fitting the peak closest to the Fermi level by a Breit–
Wigner function (eqn (2)). The implementation of the fitting
procedures is detailed in ESI.† The obtained values can be
considered as benchmark reference values for this study since

they are directly issued from the DFT+NEGF transmission (t)
calculations (labelled later as Gt and e0–t). One couple of values
Gt and e0–t is thus obtained at each voltage (Table S1, ESI†). The
Gt and e0–t values given in Table 1 for several ranges of bias are
the averaged values over the considered voltage range.

The calculated I/V curve of the Au|[trans-Ru(TMA)(CR
C–C6H4–S)2]|Au junction has been generated from calculated
transmission spectra from 0 to 1 V by voltage steps of 0.1 V. It is
represented in Fig. 3a. The physical characteristics of the
molecular junction can be now deduced by a fitting procedure
of the I/V curve, using the single-level model to obtain GI/V and
e0–I/V (eqn (3)). This was done using several voltage ranges in the
I/V curve: (i) from 0 to 100 meV, a range of bias in which the
current is proportional to the bias (linear regime); the transmis-
sion properties are slightly changed within this small potential
window (no noticeable energy shift of e0 or G); (ii) in a larger
voltage window ranging from 0 to 200 meV; (iii) for the total
calculated I/V curve (from 0 to 1 V). The results of these fits are
given in Table 1 together with the reference values Gt and e0–t

previously obtained. Although the three I/V curves fits are of
very good accuracy (R2 E 1), the associated values e0–I/V strongly
deviate from e0–t, whatever the bias range considered. The GI/V

values are at least doubled compared to Gt. As expected, the
conductance GI/V is close to the reference value since it is the
fitted quantity. Interestingly, there is an order of magnitude
difference between the Seebeck coefficient estimated from the
different fitting ranges (SI/V) and the reference ones (St) (see
Table 1). The high quality of the I/V curve fits highly contrasts
with the poor description of some of the molecular junction
properties (e0, G and S). In the framework of the transition
voltage spectroscopy, e0 can also be estimated in principle as
the minimum value in an I/V versus ln(I/V2) plot.11 This
approach is not expected to provide reliable trends when the
transmission peak is noticeably shifted with the bias voltage
(Fig. S3, ESI†). However, in the case of weakly polarizable
organic systems, such as oligophenylene derivatives (see
Fig. S4, ESI†), the procedure based on the I/V versus ln(I/V2)
plot to evaluate e0 is applicable.11

Fig. 3 (a) Calculated transmission spectrum at zero bias; Lorentzian
curves generated from the transmission curve (t), the I/V and the
‘‘G + S’’ fits are given in dotted green, red and black lines respectively;
see Fig. S3 (ESI†) bias voltages up to 1 V. (b) I/V curve obtained from
transmission calculations (steps of 0.1 V) and fit of the I/V curve.

Table 1 G (eV), e0 (eV), S (mV K�1) and G (G/G0) obtained by (a) application
of the single-level method to fit t(E) at each applied voltage (see Table S1,
ESI); we report here the values averaged over the voltage range, (b) fitting
of the I/V curve, (c) by adding G and S to the fitting procedure. The
percentage errors are given in Table S2 (ESI). An evaluation of the influence
of the number of initial values and threshold values is given in Table S3 (ESI)

Bias voltage range (V) 0.0–0.1 0.0–0.2 0.0–1.0

(a) Fit of t(E) Gt 0.034 0.034 0.038
e0–t �0.214 �0.223 �0.311
Gt/G0 0.114 0.115 0.136
St 88 86 67

(b) Fit of I/V curve (eqn (3)) GI/V 0.169 0.105 0.165
e0–I/V �0.947 �0.590 �0.863
GI/V/G0 0.114 0.114 0.129
SI/V 14 23 15

(c) Fit using the ‘‘G + S’’ procedure G‘‘G+S’’ 0.031 — —
e0–‘‘G+S’’ �0.189 — —
G‘‘G+S’’/G0 0.113 — —
S‘‘G+S’’ 88 — —
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Deviations are expected for a large integration voltage
window due to the fact that e0 and G are bias dependent
properties (Fig. S5, ESI†). The calculated e0–t varies indeed
linearly with the bias ((e0–t (V) = �2.0 � 10�4 � 0.198 V) with
R2 = 0.9914), and Gt follows a 2nd order polynomial progression
with the voltage change (Gt (V) = 1.4 � 10�8 V2 � 2.9 � 10�6

V + 3.4 � 10�2 with R2 = 0.9968). Such evolutions revealed in
this example are totally omitted in the single-model treatment.
It surely induces a failure in obtaining the correct physical
properties of a system when using a too large bias voltage
window. On the other hand, if the fitting range is too small
(|eV| o e0–t), the I/V curves are mainly linear and no mean-
ingful values of the two parameters can be inferred.

A major improvement can be obtained by imposing both the
low bias conductance and the Seebeck coefficient of the junc-
tion to be recovered with a chosen accuracy (here above 96%).
The procedure adopted is explained in Fig. 4. This procedure is
referred as the ‘‘G + S’’ method in Table 1. Doing so, the
differences against the reference values of G and e0 are strongly
reduced, with the right order of magnitude recovered at low
bias (Table 1 and Fig. 3a). This improvement can be rationa-
lized by highlighting that in the I/V fit procedure, a perfect
Lorentzian-type shape of the transmission is assumed. Thus,
the more the system deviates from it, the more e0 and G have
probabilities to be erroneous even though R2 is close to 1 (thus
G recovered). Imposing the constraint of also recovering
S introduces a tolerance to the deviation from a perfect
Lorentzian-shape that significantly improves the extracted
parameters. Importantly, although the physical meaning of
the parameters is improved, the corresponding I/V curve is
apparently less satisfactory, with an R2 that significantly deviates
from 1. This relates to the fact that deviations are appearing when
the linear regime approximation becomes irrelevant, i.e. at higher

bias (see Fig. S7, ESI†). The ‘‘G + S’’ procedure can be applied to
experimental I/V curves (see Table S4 for applications to data
reported in ref. 32).

Restricting the fitting to small voltage segments of the I/V
curve could be seen as an alternative since the e0 and G are
not supposed to significantly change in each bias window.
As shown in Fig. S6 (ESI†), this procedure fails in reproducing
the right bias dependence of the transmission spectra.

In conclusion, we have demonstrated that using a Breit–
Wigner resonance type model to fit experimental or calculated
I/V curves to get an insight into the electronic and transmission
properties of molecular junctions can lead to significant errors
in the evaluation of the molecular parameters e0 and G.
We have shown that the correct position and width of the
Lorentzian resonance cannot be reconstructed from the fitted
values, even for a case study which presents a quasi-ideal
transmission peak shape. The level of accuracy of the fitting
procedure in the description of the physics has been strongly
improved when considering simultaneously the conductance
and the Seebeck coefficient of the junction that are both
accessible experimental parameters.33 We hope that our analysis
will drive further experimental efforts to improve the reliability of
the traditionally done Lorentzian fitting procedures by measuring
the Seebeck coefficient in combination with the conductance.
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