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On the Reliability of Acquiring Molecular Junction Parameters

by Lorentzian Fitting of I/V curves

Vincent Delmas, Valentin Diez-Cabanes, Colin van Dyck, Elke Scheer, Karine Costuas,* Jérome
Cornil"

ABSTRACT: 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 S
computed voltage-dependent transmission spectra and by comparing them H
to the values obtained by fitting the calculated I/V curves with a typical 5107, <— =
Lorentzian model used in the literature. Doing so, we observe a large dis-
crepancy 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 Electrode Electrode
and Seebeck coefficient of the junction to be recovered in the fitting proce-

dure.
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The field of molecular electronics aims at developing functional
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 conduc-
tive-AFM for self-assembled monolayers (SAMs) or Mechani-
cally Controlled Break Junction (MCBJ) for single molecules.”
* The electrical characteristics are governed by two key molec-
ular parameters which are often voltage dependent: the ener-
getic position of the molecular electronic levels responsible for
charge transport with respect to the Fermi energy of the elec-
trodes (&) which is not easy to measure’ and the electronic cou-
pling strength between these orbitals and the electronic states of
the electrodes (I") that cannot be accessed directly experimen-
tally. Although Ultraviolet/Inverse Photoelectron Spectroscopy
(UPS/IPES) are typically used to infer the position of the elec-
tronic 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 fields®
and image charge effects when a second electrode is intro-
duced).’
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Figure 1. Simplified scheme featuring a single transporting molec-
ular level of energy g (here the HOMO) coupled by a coupling
strength I'y to the right electrode and I',. with the left electrode. The
Fermi energy (Er) is represented by the dashed line.

At the present stage, gy and I" 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 res-
onance type (Lorentzian-type shape); this model considers a

single molecular level (generally the HOMO or LUMO of the
molecule) at the energy €, coupled to the electronic states of the
electrodes (Figure 1).*"° The full width at half maximum of this
Lorentzian reflects the amplitude of the electronic coupling I
The Lorentzian-type expression of the electronic transmission
t(E) at a given energy FE is expressed as:
o(E) = 4T, Ty 0

(E—€ )2+ I, +Tg)?

In the case of symmetric contacts between the molecule and the
two electrodes, I'; and I'y are equal (I'L =Tk =T') leading to the
simplified expression:

2
&) = ar

(E — €9)? + 4I'* @

It is important to stress that this model suffers from severe lim-
itations in considering that only one molecular transporting
level is present close to the Fermi level, as evidenced theoreti-
cally by Neaton and co-workers. " Using the DFT + X (i.e., with
self-energy corrections) formalism, some junctions show elec-
tronic transmissions which deviate importantly from a Lo-
rentzian-shape curve.'* The single-level model is indeed ex-
pected to break down for molecules displaying several close-
lying energy levels in the transmission window. A second im-
portant hypothesis of this fitting model is to consider that the
molecular parameters I" and g, 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 demonstrated that I is a bias dependent pa-
rameter.'” Moreover, this model does not account for the typical
decrease in the intensity of the transmission peak with increas-
ing 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 ac-
counting for cooperative effects should be introduced. Accord-
ingly, we will only focus on single-molecule junctions in the
following. Despite its significant restrictions, this model has
been widely exploited by experimentalists to shed light on the
electronic structure of molecular junctions and to establish re-
lationships 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 us-
ing quantum chemistry (QC) as a tool able to provide in parallel
I/V curves that can be fitted using the same models as previ-
ously described in literature 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 depend-
ent 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)(C=C-C¢H,-SH),
molecule (TMA = 1,5,9,13-tetramethyl-1,5,9,13-tetraazacyclo-
hexadecane) 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 coor-
dinated in a trans arrangement to conjugated (thiol)aryl-acety-
lide organic linkers. The rest of the central metal coordination
sphere is completed by a tetra-chelating ligand via nitrogen at-
oms (Figure 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 organometal-
lic complexes, it displays a weak oxidation potential in compar-
ison to most organic conjugated molecules,'® a feature which
promotes molecular levels close to the Fermi energy of the elec-
trodes. Since this system is known in its molecular form"** and
closely-related molecular junctions have been successfully in-
vestigated experimentally by us and others®"* it is highly suit-
able 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.
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Figure 2. Chemical structure of trans-Ru(TMA)(C=C-C¢H4-SH),
(TMA = 1,5,9,13-tetramethyl-1,5,9,13-tetraazacyclo-hexadecane).

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 Figure S1).
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 Supporting Information
(SI) for additional computational de‘[ails).23 The calculated
transmission spectrum given in Figure 3b at zero bias (AV =0

V) displays a Lorentzian peak centered at gy =-0.214 eV below
the Fermi level. A very narrow peak (hence not contributing to
the current) is also found at &, = -0.4 eV and is associated to
other states involving the molecular backbone, (see Figure
82).24'26 Nonetheless, the main transmission peak can be accu-
rately fitted by a single level as shown below.

The Landauer formula used to estimate the current is given in
Eq. 3, where g is the chemical potential of the left (L) and
right (R) electrode, T the temperature, &, the Boltzmann con-
stant, and f; g is the Fermi-Dirac function:

2e [t
I = Tf T(E, VL (E 1) — fr(E, ur)] dE;

1 (3)
E —
exp <$) +1

In the following, we will also refer to the Seebeck coefficient §
and the conductance G. S corresponds to the bias that can be
generated by a difference of temperature between the two elec-
trodes (= -AV/AT)&”'30 S has been measured for many molec-
ular junctions.“‘32 This parameter can be calculated using the
transmission spectrum at zero bias (in the linear regime approx-
imation) and is formally defined at zero current /. A simplifica-
tion of the current equation (Eq. 3) can thus be done (see SI,
Egs. S1-4) leading to Eq. 4. In this expression, the L, terms are
incorporating integrals of the Fermi-Dirac function at equilib-
rium (foq) (Eq. 5, Eq. 6) which describes the distribution of elec-
trons/holes over energy states in the electrodes.™"?’
1

fL,R =

S=TTL, C)
2e n afe
L, = —Tfr(E,V) (E = teq) aE" dE (%)
;o= 1
eq — E—u, 6
exp< kb#q)+1 ©

The conductance G is calculated within the linear regime ap-
proximation as:
G = LyG,, (7)

with G, the quantum of conductance (77.48 puS). The coupling
(') and the energy (gy) can be deduced in the single-level ap-
proximation directly from each calculated transmission spec-
trum by fitting the peak closest to the Fermi level by a Breit-
Wigner function (Eq. 2). The implementation of the fitting pro-
cedures is detailed in SI. The obtained values can be considered
as benchmark reference values for this study since they are di-
rectly issued from the DFT+NEGF transmission (t) calcula-
tions (labelled later as I'; and g,..). One couple of values I'; and
€0.c 1s thus obtained at each voltage (Table S1). The I'; and g,
values given in Table 1 for several ranges of bias are the aver-
aged values over the considered voltage range.

The calculated I/V curve of the Au | [trans-Ru(TMA)(C=C-
CgH4-S),] | 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 Figure 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 I';y and
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go.yv (Eq. 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 g, or I'); (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 7, and
€.. previously obtained. Although the three I/V curves fits are
of very good accuracy (R2 ~ 1), the associated values &gy
strongly deviate from ¢, whatever the bias range considered.
The I'yy values are at least doubled compared to I';.. As ex-
pected, the conductance Gyy is close to the reference value since
it is the fitted quantity. Interestingly, there is an order of mag-
nitude difference between the Seebeck coefficient estimated
from the different fitting ranges (S;) and the reference ones (S,)
(see Table 1). The high quality of the I/V curve fits highly con-
trasts with the poor description of some of the molecular junc-
tion properties (g, I' and S). In the framework of the Transition
Voltage Spectroscopy, g can also be estimated in principle as
the minimum value in an I/V versus In(I/V 2) plo‘[.11 This ap-
proach is not expected to provide reliable trends when the trans-
mission peak is noticeably shifted with the bias voltage (Figure
S3). However, in the case of weakly polarizable organic sys-
tems, such as oligophenylene derivatives (see Figure S4), the
procedure based on the I/V versus In(I/V?) plot to evaluate g is
applicable.'”
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Figure 3. a) Calculated transmission spectrum at zero bias; Lo-
rentzian 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 Figure S3 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.

Deviations are expected for a large integration voltage window
due to the fact that €, and I" are bias dependent properties (Fig-
ure S5). The calculated g varies indeed linearly with the
bias (€y_; (V) = —2.0.107* — 0.198 V with R*> = 0.9914), and
I'. follows a 2™ order polynomial progression with the voltage
change (I, (V) =1.4.1078V%—-29.10"°V + 3.4.1072 with
R?=10.9968). Such evolutions revealed in this example are to-
tally 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 (|leV]| < €4_;), the I/V curves are
mainly linear and no meaningful 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 Figure 4. This procedure
is referred as the "G+S" method in Table 1. Doing so, the dif-
ferences against the reference values of I' and ¢, are strongly
reduced, with the right order of magnitude recovered at low bias
(Table 1, Figure 3a). This improvement can be rationalized 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 gy and I" have probabilities to
be erroneous even though R’ is close to 1 (thus G recovered).
Imposing the constraint of also recovering S introduces a toler-
ance to the deviation from a perfect Lorentzian-shape that sig-
nificantly improves the extracted parameters. Importantly, alt-
hough the physical meaning of the parameters is improved, the
corresponding I/V curve is apparently less satisfactory, with an
R? 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 Figure S7). The
"G+S" procedure can be applied to experimental I/V curves (see
Table S3 for applications to data in Reference 34).

Table 1. T (eV), g (eV), S (uWV/K) and G (G/Gy) obtained by a)
application of the single-level method to fit T(E) at each applied
voltage (see Table S1); 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.

Bias voltage range (V): 0.0-0.1 | 0.0-0.2 ) 0.0-1.0
. I, 0.034 0.034 0.038
:ggt of €oor 0214 | 0223 | -0311
G/Gy 0.114 0.115 0.136
S 88 86 67
b) Fit of IV Iyy 0.169 0.105 0.165
€o-1/v -0.947 -0.590 -0.863

curve
(Eq. 3) SW/GO 0.1 ii 0.1;431 0.1%2

v
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Figure 4. Workflow for the calculation of G./Gy and S; which
yields the (T, &9) couple within the “G+S” method. I ranges from
0.01 to 0.1 eV and g, range from -2 to 0 eV.

Restricting the fitting to small voltage segments of the I/V curve
could be seen as an alternative since the g, and I" are not sup-
posed to significantly change in each bias window. As shown
in Figure S6, 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 €y and I'. We have
shown that the correct position and width of the Lorentzian res-
onance 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 de-
scription of the physics has been strongly improved when con-
sidering simultaneously the conductance and the Seebeck coef-
ficient of the junction that are both accessible experimental pa-
rameters.Erreur ! Le signet n’est pas défini. We hope that our
analysis will drive further experimental efforts to improve the
reliability of the traditionally done Lorentzian fitting proce-
dures by measuring the Seebeck coefficient in combination with
the conductance.
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