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The transport properties of two oligothiophene derivatives, that differ only by the chemical group
coupling to gold, are compared. It is shown that the role of the coupling group in the transport
properties can be decoupled from that of the conjugated body of the molecules and that Se is a better
electronic coupling group than S. These results are accounted for semiquantitatively within the frame of
the scattering theory of transport, using results from ultraviolet photoemission spectroscopy experi-
ments as inputs for the position in energy of the molecular orbitals with respect to the Fermi level of the

electrodes.
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Molecular electronics has seen very significant advan-
ces during the past five years. This includes the first
measurements of single molecule transport, and circuits
(see [1]). Understanding in depth the transport in metal-
molecule-metal (MMM) junctions is a central problem
that has given rise to the development of increasingly
complex models [2—-10]. An outcome of the scattering
models, developed thus far in the Landauer picture, is
the description of the low bias conductance of MMM
junctions as G = Gye~ *F, with G standing for the con-
tact conductance defined by the molecule-metal cou-
pling and vy a decay constant function of the molecular
structure ([11] and references therein). This exponen-
tial decay has been verified in a recent series of experi-
ments [12-14].

The exact contribution from the contact conductance
has been much less investigated thus far. Indeed, only a
few theoretical and experimental studies are found in the
literature that are aimed at comparing the electronic
coupling strengths provided by different coupling groups.
Today, the thiol group is the most commonly used link to
gold [15], with only a few experimental studies made on
alternative coupling groups (O, CN, Se, fluoranthene, Te)
[13,16,17]. In a study of the barrier heights of S-, Se-, and
Te-coupled molecular wires made by means of the nano-
pore technique, it was found that the barrier height is
maximal with Se, S and Te being lower and comparable.
That conclusion, unexpected given the higher metallic
character of Se compared to S, was, respectively, theo-
retically supported in [18] and contradicted in [19,20].

In a recent study, we addressed experimentally the role
of the coupling group and showed unambiguously that Se
provides a more efficient electronic coupling compared to
S [21,22]. These experiments used a scanning tunneling
microscope (STM) both in air and in ultrahigh vacuum to
investigate thiol and selenol terminated terthiophene
molecules —T3 (a, w-bisacetylthio-terthiophene) and
Se3 (a, w-bisacetylseleno-terthiophene), respectively —
inserted in a dodecanethiol (DT) self-assembled mono-
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layer (SAM) on a gold surface. The insertion of single
molecules into a SAM of alkanethiolate on gold was
initiated by Weiss and co-workers [23]. It proved useful
for the investigation of the transport properties of single
conjugated molecules by STM [14,24-26]. The conclu-
sion that Se is a better coupling group compared to S
stemmed from the observation of a larger apparent height
of the Se3 molecules above the DT layer (Ahg.;) com-
pared to T3 (Ahts), whatever the STM conditions used.
The large Ahg.; (typically 3.3 A) and Ahgpy (typically
2 A) values resulted from the conductance of the gold-
Se3(or T3)-tip junction being larger than that of the gold-
DT-tip one. The bias dependence we observed for Ahggs
and Ahps (Fig. 5 of [22]) is a clear-cut proof that this
height is related to the electronic transport properties of
the molecule and not to a pure geometrical effect.

In the present Letter, we experimentally and theoreti-
cally investigate the details of the contribution of the cou-
pling group to the contact conductance G, and show for
the first time that the transport in MMM junctions can be
simulated by an appropriate combination of experimental
measurements and simple semiempirical techniques.

First, we checked by density functional theory calcu-
lations (Becke-3-Lee-Yang-Parr approximation as imple-
mented in GAUSSIAN 98 [27]) that the two molecules
isolated in vacuum have quite a similar electronic struc-
ture. In particular, their calculated ionization potentials
differ by less than 1%, revealing the absence of a signifi-
cant difference between the two molecules when isolated
in vacuum. The electronic density representation of the
orbitals confirms this similarity (see supplementary ma-
terial [28]). This suggests to interpret our STM results as a
direct consequence of a difference in adsorption of Se3
and T3 onto gold due to their different coupling groups.

We used ultraviolet photoelectron spectroscopy (UPS)
for investigating the details of the adsorption of the two
molecules [19,29]. SAMs of pure T3 or Se3 were pre-
pared onto gold substrates and the corresponding high
resolution UPS spectra were recorded using a pass energy
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of 2 eV and a takeoff angle of 90°. The integrated sam-
pling depth was approximately 3 nm. All spectra were
referenced to the Fermi level (Ef) of the bare metal
surface obtained after ionic etching. The SAMs are thin
enough to avoid any charge effect. Figure 1 shows the
UPS spectra of the two molecules with details of the
Fermi region. They are quite similar with peaks located
around 1.5, 2.5, 4, 6.5-7.5, and 10 eV.

Beside the peaks at 2.5, 4, and 6.5 €V that have some
contribution from the 5d orbitals of the gold substrate
[30], the T3 and Se3 spectra show a good similarity with
that of thick terthiophene [31] which exhibits peaks lo-
cated at 2.5, 4, 6.5, 8, and 10 eV, each of them correspond-
ing to more than one molecular orbital. Noticeably, the
peak obtained at the lowest energy corresponds to the
highest occupied molecular orbital (HOMO) and molecu-
lar orbitals of terthiophene with a pronounced 7 charac-
ter. Such orbitals are expected to play a role in the
transport through a MMM junction. The similarity of
the T3 and Se3 spectra with that of terthiophene, except
for the appearance of a small peak at low energy, is a
strong indication that the electronic structure of the ad-
sorbed molecule core remains largely undisturbed by the
adsorption onto the metallic surface, as predicted in [32].
This is further confirmed by the good qualitative agree-
ment between the experimental and simulated UPS spec-
tra of the molecules shown in Fig. 2. The simulation
procedure is detailed in supplementary material [28].

Importantly, tiny but significant differences neverthe-
less exist between T3 and Se3 SAMs spectra (see Fig. 1):
In particular, the two peaks at lower energy are shifted
towards higher energies by about 0.2 €V in the case of T3
compared to Se3. Conversely, the higher energy parts of
the spectra are almost identical. It stems from the differ-
ence that Er-Eyomo 1s smaller by about 0.2 eV in the case
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FIG. 1. UPS spectra of T3 and Se3 SAMs on gold recorded

with Hell excitation line (40.8 eV). The spectrum of gold after
ion milling the organic monolayers is shown for comparison
(Au). The T3 and Se3 spectra have been shifted vertically for
clarity. Inset: Zoom on the Fermi energy region.
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of Se3 compared to T3. This finding is consistent with the
trends discussed in Ref. [19].

We conclude from this analysis that the adsorption on
gold does not disturb significantly the electronic structure
of the molecules but that the difference between Au-S and
Au-Se bonds shows up in the smaller Ep-Eyomo value of
Se3 compared to T3 . This difference is crucial, pertains
only to the difference in the adsorption behavior, and
explains the transport difference as shown below.

We first calculated the transport properties of the gold-
molecule-gold junction by the elastic scattering quantum
chemistry technique (ESQC) [2]. This semiempirical
technique based on an extended Hiickel model has proven
to quantitatively account for the low bias conductance of
single adsorbed molecules as probed by STM [33]. The
calculated multichannel transmission coefficient T(E) of
an electron at a given energy E is shown in Fig. 3(a) [28].
The linear conductance G of the metal-molecule-metal
junction is then determined using the Landauer formula,

2 2
G= %T(EF), (1)

where Ep is the Fermi energy of the electrodes [34].
The prediction for G thus depends drastically on the value
of T at Er. Note that the spectra in Fig. 3(a) are calcu-
lated with a relative energy scale due to the known
inability of the Hiickel technique to provide absolute
values for energies.

For a given height of the STM tip, the spectra for
T3 and Se3 are quite similar in shape. This was ex-
pected from the previously discussed similarity of the
investigated molecules. Upon adsorption, the molecular
levels are broadened and shifted by the molecule-metal
electronic coupling. We note a slightly larger broadening
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FIG. 2. Experimental and simulated Hel (21.1 eV) UPS spec-
tra for (a) T3 and (b) Se3 SAMs on gold. At the bottom of each
graph are plotted the energies corresponding to the Hartree-
Fock molecular orbitals of isolated T3 and Se3 molecules. The
simulated spectra (dashed line) are calculated as described in
EPAPS.
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FIG. 3. Transmission spectrum T(E) for a given height of the
tip above T3 (solid line) and Se3 (dashed line), (a) without and
(b) with adjustment of the molecular orbital energy with
respect to the Fermi level of the gold electrodes (vertical line).

of the Se3 levels compared to those of T3 (33/28 meV
FWHM for the HOMO levels of Se3/T3, respectively).
This cannot explain alone the difference in transport
properties which can only result from a difference in
the shift upon adsorption, i.e., the relative position of
the molecular orbital energies of the adsorbed T3 and
Se3 molecules compared to the gold E position. A key
point for calculating the conductance or the transport in a
MMM is thus to adjust this relative energy with respect to
Er. We proceed as follows. We adjust the relative energy
scale of the spectra so that the Ep-Exomo value fits the
Er-Enomo value obtained from the UPS, i.e., 0.3 eV for
Se3 and 0.5 eV for T3 [35]. By so doing, it clearly appears
that the zero bias conductance of a MMM junction in-
volving T3 is lower than that of a junction involving Se3.

From these calculations, we can obtain an estimate of
Ahge; and Ahrz. More precisely, we calculated both for
Se3 and T3 the T(E) function for various heights of the tip
above the molecule. We then make use of Eq. (2) to get an
estimate of the current for a given bias:

I(V):i + o0

v —o0

where u | ; is the chemical potential of the electrode 1,2,
f(e) denotes the Fermi function, and T(E, V) is the trans-
mission spectrum for given energy and bias. Following
[4,36], we make the crude approximation that T(E, V) =
T(E-eV/2,0), where T(E, 0) is the transmission spectrum
calculated at zero bias. This treatment allows us to obtain
the current versus tip-substrate distance curves of Fig. 4.
From this plot, we deduce the tip-substrate distance for a
given setpoint current in the experiment. In this figure is
plotted the range of current (1-60 pA) that can be used
experimentally to probe DT layers without modifying
them to a large extent as well as the corresponding
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expected tip-substrate distance for DT layers. This area
(marked DT in Fig. 4) has been estimated based on
[25,37,38,39]. We considered the following points: The
minimum physical thickness of the DT layer is 14 A. We
assume conservatively that the tip is in contact with the
monolayer for a setpoint current of 60 pA, the value at
which we lose the molecular resolution. We then draw a
line of slope 1 A™! corresponding to the typical slope in
vacuum. This gives the lower bound of the tip-substrate
distance. Similarly, we draw the upper bound starting
from the highest tip-surface distance reported in the lit-
erature for a 1 pA setpoint current and using the same
1 A~ slope. We note that this estimation of the tip-
surface distance is reasonable and in good agreement
with, for example, the ellipsometric thickness of the DT
layer and various estimates of the altitude at which the tip
flies over the DT layer. From the plots of Fig. 4, we can
thus estimate Ahg.; and Ahps for various setpoint cur-
rents. These values are gathered in Table L.

The qualitative agreement with the experimental val-
ues is quite reasonable, validating the principle of our
interpretation. We have tested the robustness of our in-
terpretation against variation of the bias voltage. We
obtain the correct trends for the bias voltage; i.e., the
observed increase of the apparent height of T3 and Se3
with increasing bias is reproduced (Fig. 5 of [22]).
However, our model is too crude to account quantitatively
for this evolution: It underestimates it, predicting a
Ahps-Ahge; difference almost independent of bias. We
tested this model on other types of molecular wires based
on oligophenylene-vinylene backbones and found also a
good qualitative agreement [40].

It should be kept in mind that the calculated values are
estimates relying on a number of approximations that
must be corrected to get a quantitative agreement. This
includes more realistically taking into account the bias
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FIG. 4. Current versus distance curve obtained by integrating
the T(E) curves (shown in the inset for T3) calculated for
different tip-surface separations. An estimate range of position
of the tip above the DT layer is reported in the graph allowing
one to calculate AHp; and AHg.s.
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TABLE L. Calculated and experimental apparent heights for
T3 and Se3.

Current (pA) Ahrsy (A) Ahge (A)
Theory: 60 .51 35%1
Theory: 1 2+ 28*1
Experiment: 1.9 pA [21] 2 33

effect on the molecular energies [41], or improving the
description of the contact for example. We also notice that
we obtain a better agreement when we consider that the
voltage drop is symmetrical at both ends of the molecule
compared to the case where the voltage drop is asym-
metrical (larger on the tip side where the coupling is
smaller). Though such a phenomenon has already been
reported [36], its origin remains unknown and the subject
of investigation.

In this Letter, we have presented a number of important
findings. We have shown that varying the coupling group
in MMM junction is enough to give rise to a substantial
difference in transport. By comparing two molecules that
differ only by the coupling group and have highly similar
molecular orbitals, we have directly verified for the first
time the role of the coupling in the formula G = Gye **
which separates the role of the contact from that of the
conjugated part of the molecule. We have understood the
origin of the electrical transport difference in MMM
junctions of T3 and Se3 using UPS characterization and
shown that it arises from the E-Eyomo value being larger
in the case of T3 compared to Se3. Finally, we have
simulated the experiment by ESQC calculation with a
good qualitative agreement. This work demonstrates
that the transport in MMM junctions can be reliably
simulated by an appropriate combination of experimental
determination of attainable quantities and simple semi-
empirical techniques. We believe that this simple proce-
dure can be used to predict the transport differences in
families of related molecules.
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