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Abstract. We review some of our recent experimental results on charge transport in or-
ganic nanostructures such as self-assembled monolayer and monolayers of organic semicon-
ductors. We describe a molecular rectifying junction made from a sequential self-assembly
on silicon. These devices exhibit a marked current—voltage rectification behavior due to
resonant transport between the Si conduction band and the 7 molecule highest occupied
molecular orbital of the m molecule. We discuss the role of metal Fermi level pinning in
the current—voltage behavior of these molecular junctions. We also discuss some recent
insights on the inelastic electron tunneling behavior of Si/alkyl chain/metal junctions.
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1. Introduction

As microelectronic devices approach their technological and physical limits [1,2],
molecular electronics, i.e. the molecule-based information technology at the mole-
cular scale, becomes more and more investigated and envisioned as a promising
candidate for the nanoelectronics of the future. From this respect, supramolec-
ular assembly of organic molecules on solid substrates is a powerful ‘bottom-up’
approach for the fabrication of devices for molecular-scale electronics. The first ap-
proach to build an organized assembly of molecules is the Langmuir-Blodgett (LB)
method. Many groups have reported on the electrical properties of LB mono- and
multilayers for device applications since early works in the 1970s (see a review in [3]).
For instance, the most recent and stimulating results to date are the observation
of a current rectification behavior through LB monolayers of hexadecylquinolinium

17



D Vuillaume et al

tricyanoquinodimethanide [4-10] and the fabrication of molecular switches based on
LB monolayers of catenanes [11-15] although the actual role of molecules in the lat-
ter case is still under debate [16,17]. A second method is based on the self-assembly
of monolayers of organic molecules on solid substrates (SAM) [3]. Many reports in
the literature concern SAMs of thiol-terminated molecules chemisorbed on gold sur-
faces. For instance, Bumm and coworkers [18,19] studied the conductivity of molec-
ular wires by inserting a few molecules of di(phenylene-ethynylene)benzenethiolate
in a SAM of dodecanethiols (which are insulating molecules). The conductivity was
investigated using the tip of a scanning tunneling microscope (STM). Kergueris and
coworkers [20] repeated these experiments for thiolterthiophene molecules, another
prototype of molecular wire. Chemisorbing the two ends of dithiol-based molecules
onto two electrodes to form a metal/molecules/metal (MMM) junction can also be
investigated. Reed and coworkers [21], Kergueris and coworkers [22] and Weber
and coworkers [23,24] used mechanical break junctions to fabricate and to study
some MMM junctions based on small oligomer molecules. Chen and coworkers
[25,26] used nanopores, in which a small number of molecules are chemisorbed, to
fabricate these MMM junctions. With this nanopore configuration, they observed
that molecules with a nitroamine redox center (2'-amino-4,4’-di(ethynylphenyl)-5’-
nitro-1-benzenethiol) exhibit a negative differential resistance behavior. They also
demonstrated the feasibility of a molecular random access memory cell [27]. The
switching behavior of these compounds inserted in an alkanethiol SAM was also
observed by STM [28] but the respective role of the molecule and chemical link
between the molecule and the metal surface is presently a matter of debate [29].
Besides these studies (and others of similar nature) using SAMs on gold electrodes,
it is valuable to develop and investigate molecular-scale devices based on SAMs
chemisorbed on semiconductors, especially silicon. Silicon is the most widely used
semiconductor in microelectronics and a broad family of organic molecules can be
grafted on its surface, which opens the possibility of tailoring the surface (modifying
the surface potential, for instance) [30-32] for new and improved hybrid molecu-
lar/silicon devices. Between the end of the silicon road-map and the envisioned
advent of fully molecular-scale electronics, there is, for sure, a role to be played
by such hybrid-electronic devices [2,33]. The use of thiol-based SAMs on gold in
molecular-scale electronics is supported by a wide range of experimental results on
their growth, structural and electrical properties (see the recent review by Schrei-
der [34]). Conversely, SAMs on silicon and silicon dioxide surfaces have proved
more difficult to control; large variations were observed from sample-to-sample and
from lab-to-lab. Therefore, there were much fewer attempts to use these SAMs
in molecular-scale electronics than for the thiol/gold system. Since the first ad-
sorption from solution of alkyltrichlorosilane molecules on a solid substrate (mainly
oxidized silicon) introduced by Bigelow et al [35] and later developed by Maoz and
Sagiv [36], further detailed studies [37-40] have led to a better understanding of
the basic chemical and thermodynamical mechanisms of this self-assembly process.
Based on this knowledge, we have fabricated SAMs on silicon that are physically
and chemically robust, we revisited [41,42] some electronic properties of alkylsi-
lane SAMs, previously analyzed by Mann and Kuhn [43] and Polymeropoulos and
Sagiv [44], and we developed nanometer-scale devices using these SAMs [45,46].
SAMs of redox molecules (metallophorphyrines, ferrocene) have also been used as
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molecular memories [47,48] in hybrid CMOS/molecular DRAM circuits [49]. Mole-
cular resonant tunneling diodes on silicon have been also demonstrated [50].

Recently [51], we demonstrated a molecular rectifying junction (MRJ) by attach-
ing a donor group (phenyl or thiophene) to the alkyl spacer chain by a sequential
grafting on silicon. We obtained rectification ratios up to 35. We showed that the
rectification mechanism is a resonance through the molecular orbital of the 7 group
(ascribed to the highest occupied molecular orbital - HOMO) in good agreement
with calculations and internal photoemission spectroscopy. This approach allowed
us to fabricate molecular rectifying diodes compatible with silicon nanotechnolo-
gies for future hybrid circuitries. In this paper, we review the extension of this
work to a large number of chemically different 7 end-groups. We chose a large
number of 7m-groups having different energy levels of their molecular orbitals in gas
phase. We start with simple benzyl alcohol and 3-thiophenemethanol. Then, we
move from monomers to oligomers: terthiophene and quaterthiophene and to fused
oligoacenes: anthracene and pyrene. Our motivations are to establish a relationship
between the electrical properties (electronic structure) of the starting m molecules
first in vacuum, then when chemisorbed on the silicon substrate and finally the
current-voltage rectification behavior of the Si/molecules/metal junctions. From
an engineering point of view, the knowledge of this relationship is mandatory to
design MRJ with an electrical behavior suitable for device and circuit applications.
For instance, in classical semiconductor p—n junctions the threshold voltage for
rectification is adjusted by doping, whereas here it is envisioned to do this using
chemistry, by changing the nature of the m-group. We discuss the role of Fermi level
pinning at the molecule/metal interface in these molecular rectifying junctions.

In the second part of this review, we discuss some results on the electron—
molecular vibration interactions measured by inelastic electron tunneling spec-
troscopy (IETS) in Si/SiO, /alkyl/metal junctions [52]. We show that a silicon-
based tunnel junction is a suitable test-bed for studying inelastic transport phe-
nomena in organic self-assembled monolayers. The most important molecular vi-
brations are identified and compared with recent similar IETS investigations on
metal/alkyl/metal junctions and with IR, Raman and HREELS data. We have
observed that vibronic couplings in the organic tunnel monolayer are more intense
than in the SiO2 tunnel junctions.

2. Molecular rectifying diodes

Experimental and theoretical studies of charge transport in molecular devices are
a subject of growing interest [53] in molecular-scale electronics. Charge transfer
and band lineup (i.e. the energy position of the molecular orbitals (MOs) with
respect to the Fermi energy of the electrodes) are the key parameters controlling
the electronic properties in molecular devices [54-57]. This topic has been theoreti-
cally addressed [54-57] in ideal metal/molecules/metal junctions with simple mole-
cules (phenyldithiol, alkyl, alkane and phenylethynylene). At the metal/organic
semiconductor contact (as in organic light emitting diodes), the breakdown of the
vacuum alignment rule (Schottky—Mott model) has been a major discovery to ex-
plain the electronic properties of these devices [58,59], and a large number of or-
ganic molecules deposited in ultra-high vacuum (UHV) on metal surfaces have been
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analyzed [58,59]. It was also established that monolayers of molecules bearing a
dipole moment can modify the electron affinity of semiconductor surfaces and conse-
quently the metal/semiconductor Schottky barrier height [60-62]. On the contrary,
reports on molecular-scale junctions are scarce, probably because of a smaller num-
ber of investigated molecules and metal surfaces (much of the works focused on
gold surface with linear alkanes and linear m-conjugated oligomers). Moreover, in
molecular junctions, the molecules are generally chemisorbed from solution or from
gas phase instead of being UHV deposited.

In this paper, we theoretically and experimentally study the band lineup in
a molecular rectifying junction (MRJ). Our device consists of a silicon/ mole-
cules/metal junction in which a w-group has a spatial asymmetric position between
the electrodes, since it is grafted on silicon through an alkyl spacer chain. We have
shown (for two simple m-groups: phenyl and thiophene) [51] that this device ex-
hibits a marked current—voltage rectification behavior due to a resonant transport
between the Si conduction band (CB) and the m highest occupied molecular or-
bital (HOMO). Thus, the rectification behavior of this junction, e.g. the threshold
voltage for rectification, should be sensitive to the nature of the 7-group, through
the energy position of its MOs with respect to Fermi energies of the electrodes
(Ewrm for the metal and Frg; for Si). This MRJ is used here as a tool for prob-
ing band lineup in molecular-scale junctions made of various mw-groups: phenyl,
anthracene, pyrene, ethylenedioxythiophene (EDT), ethylenedioxybenzene (EDB),
thiophene, terthiophene (3T) and quaterthiophene (4T) (figure 1). The charge
transport properties and the electronic structures of these MRJs are electrically
characterized and compared with self-consistent tight-binding (SC-TB) calculations
of the semiconductor-molecule junction. We clearly establish that the Fermi level
pinning at the metal/m-group interface plays a key role in the electrical behavior
of these MRJs.

Self-assembled monolayers (SAMs) of n-alkenyl-trichlorosilane (SiCls3—(CHs),,—
CH=CH, with n = 6-15) are chemisorbed from solution on n*-type (resistivity
of ~1073 Q-cm) silicon wafers covered by its native oxide according to silanization
protocols described in [41,51,63,64]. We graft m-conjugated moieties onto the pre-
viously formed SAMs [51,64]. Figure 1 shows a schematic representation of these
SAMs. The details of the SAM synthesis and their physical characterizations (wa-
ter contact angle, ellipsometry, infra-red spectroscopy) are given elsewhere [64]. We
form the MRJ by evaporating the metal (aluminum, 200-300 nm thick) through
a shadow mask (electrode area: 1072 mm?) using an ultra-high vacuum (UHV)
e-beam evaporation system. A yield (of about 50-70% ratio of nonshort-circuited
devices over >20 measured devices per m-group) is obtained. Aluminum (instead of
Au) is chosen to avoid any rectification effect coming from the difference in the work
functions of the two electrodes (4.2 eV for Al and 4.1 eV for n*-type Si, electron
affinity in the latter case, Epy ~ Eps;) [65].

The electronic structures of the silicon/molecules junctions are calculated by
SC-TB method. We consider a model system characterized by a two-dimensional
periodicity, with the Si substrate modeled by a slab containing nine layers of Si
atoms. The conformation of the molecules is determined by energy minimization
using the semiempirical method PM3 (parametric method 3). Then, the molecule
is attached directly on one Si surface atom through a Si—-C bond. We passivate all
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Figure 1. Schematic view of the SAMs with different w-groups: phenyl (a),
thiophene (b), anthracene (c), pyrene (d), ethylenedioxybenzene (EDB) (e),
ethylenedioxythiophene (EDT) (f), terthiophene (3T) (g), and quaterthio-
phene (4T) (h).

other dangling bonds at the Si surfaces by hydrogen. The molecule is set with the
long axis of its alkyl chain in the all-trans conformation perpendicular to the surface.
The size of the unit cell is large enough to avoid chemical interaction between the
molecules. From the PM3 calculations, we also derive the dipole moment, the
HOMO and LUMO (lowest unoccupied molecular orbital) of the isolated molecule.
Details of SC-TB technique and parameters for the molecules are given elsewhere
[66,67]. We have not included the SiOs layer in these calculations because we
have shown elsewhere [42] that the position of the MOs with respect to the Si band
structure is only weakly influenced by the SiO5 layer. Note, that the metal electrode
is not included in these calculations. Figure 2 shows the calculated density of states
(DoS) for several m-groups. We determine the energy position of the LUMO and
HOMO of these m-groups with respect to Fgs; (here at the Si-CB for the n™-
Si), or equivalently to Epy (Frm ~ Ersi). We use the bare Si electron affinity
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Figure 2. Calculated density of states (DoS) in the silicon substrate (top),
in the alkyl chain (bottom) and in different 7-groups. The long lines indicate
the position of the bottom of the Si conduction band (CB) and top of the
Si valence band (VB) and the short lines are the position of the HOMO and
LUMO of the m-groups (zero energy is taken at the top of Si-VB).

because it was shown [68] that this value is not changed by more than ~200 meV
for Si substrates functionalized by SAMs with dipole moments of the same order of
magnitude as for the molecules used in the present work (<3 D, PM3 calculations).
This value is on a par with the accuracy of the MOs determined in this work (see
below and error bars in figure 4).

The rectification effect arises for a negative bias applied on the Al electrode
because the energy difference between Erg; and the HOMO is lower than that with
the LUMO [51]. Consequently a lower threshold (in absolute value) is required
to have a resonance between the Si-CB and the HOMO when applying a negative
bias on the metal electrode than between the Si-CB and the LUMO for a positive
bias. Thus, the threshold voltage for rectification, Vi, is related to the energy
difference, Ey, between the HOMO and the Si-CB of the n*-Si, Vi ~ Ey/en (i.e. ~
—Ey/e since 1 is ~1) [51], e is the electron charge. According to DoS calculations
(figure 2), Vr is expected to vary by about 1 V since the HOMO level moves from
Si-VB (valence band) to Si-CB depending on the m-group. Figure 3 shows current—
density vs. voltage curves (J-V) for the MRJs. All junctions exhibited the current
rectification, which was not observed through a monolayer without m-group (Si-
nt /alkyl/Al junctions) [41,42,51]. However, V1 [69] does not depend on the nature
of the m-group (inset of figure 3), Vr ~ —0.6 — —0.7 V. Since the current transport
is dominated by a resonant effect through the HOMO, we fitted (solid lines in figure
3) the J-V curves by a one-level model, with Ey as the fitting parameter [70,71]:

T =20 ftan = 0(| By +neV)] — tan [0(1Bo] — (1L meV))}, (1)

where V is the applied potential on the metal electrode, e is the electron charge, n
is the fraction of the potential seen by the 7 moiety, Jy is the saturation current
and 6 is the electrode/molecule coupling parameter. The 7 values (~0.83 to ~0.9
depending on the alkyl chain length) were estimated using simple dielectric model
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Figure 3. Typical current density—voltage characteristics of the MRJs. Left
scale: MRJs with (CHz)15 alkyl chains terminated by phenyl (B), pyrene (e),
thiophene (#), anthracene (A), EDT (V), and EDB («). Right scale: MRJs
with (CH2)e alkyl chains terminated by 3T (O), and 4T (o). Solid lines are
fits by eq. (1). Inset: Variation of Vr vs. the m-groups. The error bars
are the FWHM (full-width half-maximum) of the statistical data distribution
obtained on a large number (>20) of devices for each m-group.

for the potential distribution within the molecule [51]. Figure 4 summarizes the
experimental position of the HOMO deduced from the averaged Ey values for all
the fitted curves. We also plot the calculated HOMO level of the w-group attached
to Si substrate through the alkyl chain as deduced from the DoS in figure 2.
Except for the phenyl and thiophene, the experimental results do not follow the
theoretical expectations (figure 4). From our experiments, the HOMO of the -
groups is always at about 0.75-0.8 eV below the Si-CB, or in other words, the
metal Fermi energy level is pinned at about 0.75-0.8 eV above the HOMO (figure
4). We deduced that an organic/metal interface dipole shifts down the HOMO
level of the m-groups by A ~ 0.75, ~0.58, ~0.51, ~0.75, ~0.81 and ~0.62 eV, for
EDB, EDT, pyrene, anthracene, 3T and 4T end-groups, respectively. This dipole
corresponds to a charge transfer, n = (g9g;AAmo1/d€2), ranging from ~2 x 1072
to ~0.2 electron/molecule from the SAM towards the metal electrode, with ey the
vacuum dielectric constant, ¢; the dielectric constant of the organic/metal interface
region (we assume the same value as for the SAM, &; ~ 2.5-3 [64]), Amol the area
per molecule (~30-50 A2 depending on the m-groups), and 0 the thickness of the
interfacial layer (estimated as the distance between the center of mass of the -
group and the metal surface, from ~3 A to ~10 A depending on the molecules).
This also corresponds to a dipole momentum, g = ndd, between ~0.3 and ~9.5
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Figure 4. Energy position of the HOMO level (vacuum level as the zero
energy reference) for several m-groups as deduced from SC-TB calculations
(o), and from the fit of eq. (1) (A) on the experimental results. The error
bars are the FWHM (full-width half-maximum) as in figure 3. Inset: Metal
Fermi energy position (with respect to the HOMO of the m-group) vs. Ip of
the m-group. The plotted value corresponds to —Fy where Ey is determined
from the fit of eq. (1) on the J-V curves. IP (calculated by SC-TB) is the
absolute value with respect to the vacuum level. The line is a linear fit with
a slope of ~0.04 + 0.04.

Debye. A usual way to quantify the Fermi level pinning is to calculate the so-
called interface slope parameter, S = |dEr/dWy|, where Wy is the metal work
function. Here, since we used only one metal and various organic molecules, one
can equivalently determine, S = |dEw/dIp|, where Ip is the ionization potential of
the molecule. S =1 corresponds to the Schottky—Mott model [72,73] and S = 0 to
the Bardeen [74] model. From the plot of Ex vs. Ip (figure 4, inset) we deduced an
average slope S = 0.0440.04. This slope is related to the density of interface states
at the Fermi level, Dy (Er) by [75] as Dy = goei(1 — S)/e?5S. With the estimates
used for €; and J to calculate the dipole moment (see above), we derived D;;(Er)
in the range ~3 x 10'* to ~10'® cm™2 eV L.

The Fermi level pinning can be due to metal-induced gap states (MIGS) as
in the usual inorganic semiconductor/metal interface [76,77]. Recently, MIGS
at metal/organic interfaces has been theoretically and experimentally studied in
PTCDA/Au [78]. The creation of MIGS results in a pinning of the metal Fermi
level very near the charge neutrality level (CNL), i.e. the energy position for which
the total charge integrated over the band-gap density is null. In our case, an-
other likely origin of the metal Fermi pinning is the creation of chemically-induced
gap states (CIGS) at the metal/monolayer interface due to the possible chemi-
cal reaction of aluminum with the m-conjugated moieties [58]. It was shown that
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Al reacts with oxygen-based terminal groups such as ~COOH, -CO,CHj3, ~OH,
~OCHj; forming organoaluminum complexes [79-83]. However, reports on vapor
deposition of metals on SAMs bearing a conjugated end-group are scarce. Ahn and
Whitten [84] have observed by X-ray photoemission spectroscopy a strong chemical
interaction between vapor-deposited Al and a thiophene-terminated SAM. De Boer
et al reported (infra-red spectroscopy) that Al atoms reacted with the conjugated
backbone of thiol-oligophenyl SAMs on gold. Thus, it is likely that Al chemically
reacts with any of the eight m-groups used in this work, or even with the ester group
if some Al atoms penetrate into the SAMs. In addition, it is also likely that Al
atoms can react with residual oxygen in the vacuum chamber during deposition,
forming a very thin, even uncompleted, aluminum oxide layer between the SAM
and the Al electrode. Both these mechanisms are probably responsible for the high
density of metal-induced gap states and Fermi level pinning in these MRJs. From
a theoretical point of view, more calculations are in progress to determine the elec-
tronic structure of the whole Si/molecule/metal junction which requires an exact
treatment of the metal/organic chemical reactions and interface dipoles [78,85].

3. Inelastic tunneling through alkyl chains

These last years, the electronic properties of organic self-assembled monolayers
(SAMs) have been more and more investigated in order to be used in future mi-
croelectronics devices [41,45,46]. Recently, SAMs of saturated alkyl chains have
been demonstrated to produce very good insulating ultra-thin layers [41,86]. To
reduce the gate insulator thickness below 3 nm, SAMs of alkyl chains have been
successfully used in both silicon and organic transistors [45,46,87]. Organic mate-
rials are attractive for making low-cost electronic devices, as light emitting diode
and transistor for use in flexible displays.

Recently, Kushmerick et al [88] and Wang et al [89] have reported low-
temperature charge transport measurements of metal/molecules/metal (MMM)
junctions and have investigated, by IETS, the electron—molecular vibration cou-
pling in insulating alkyl chains and in 7-conjugated molecular wires. Moreover,
theoretically incoherent electron—molecular vibration scattering has been investi-
gated and computed in octane-thiolate sandwich by first principles density func-
tional theory (DFT) calculations [90]. Understanding vibronic interactions between
electrons and nuclear motions in molecules is a key point in molecular electronic
devices [53].

In this paper, we investigate electron—molecular vibration coupling in SAMs us-
ing the metal-oxide-silicon (MOS) tunnel junctions as a test-bed. The SAMs are
included in the MOS tunnel junction by chemisorption onto the ultra-thin SiO,
layer before evaporating the aluminum gate.

The Al/SAM/SiO2/Si(n™) (100) are prepared from highly-doped silicon in order
to have a metallic behavior. The preparation of the ultra-thin thermal dioxide
films and evaporation of the aluminum gate (300 nm in thickness) are described
in [91]. The SAMs constituted of alkyl chains of eight carbon atoms are prepared
by chemisorption in solution of octyl-1-enyl-trichlorosilane as described elsewhere
[41,63]. The thickness of these SAMs is measured by ellipsometry and found to
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be equal to 1.7 nm. The structural and molecular organizations of the SAMs are
analyzed by contact angle measurements, infra-red spectroscopy, ellipsometry and
atomic force microscopy to check that they are ordered and densely packed [63]. An
aluminum electrode (area of 10~2 cm?) is gently evaporated through a shadow mask
to complete the junction. Organic monolayers are prone to suffer from metallic
filamentary conduction pathway upon metal evaporation. A low deposition rate
(0.1-0.5 A-s7!) and a large distance (70 cm) between the sample (held at a constant
temperature of 20°C) and the crucible are used to reduce damages on the SAM.
A yield of about 50-70% (ratio of non-short-circuited devices over total measured
ones) is obtained for our molecular junctions. Generally, current densities in the
range of 1074 to 1073 A/cm? are measured at the bias voltage of 1 V. These current
densities are comparable to those in MMM junctions [89].

The IET spectra are performed at liquid helium temperature (4.2 K). These
spectra are obtained by measuring the second derivatives of the tunneling current
through the junction by a lock-in amplifier technique, with an AC modulation
signal (f = 893 Hz, V,, = 2-5 mV) and a slowly varying DC voltage applied to the
junction [92]. The DC bias ramp is obtained from a digital-to-analog converter.

The full-width at half-maximum (FWHM) of the line peak §V.yp, is given by

Vexp = V/(BART)? + (1.226V,)2 + (0Viar)?, (2)

where 5.44kT [93] is the thermal broadening, 1.22¢V,, [94], the modulation broad-
ening and 0V},,¢ the natural line width. In our experiments, we find §V;,; of about
2mV, and §Veyp, about 4.8 mV for T =4.2 K and V,, =2 mV [95]. The cryogenics
technique is described in our previous paper [91] and the experimental set-up in
recent specific papers [92,96].

Figure 5 shows an IET spectrum after background removal in an energy range
from 0 to 300 meV (0 to 2420 cm™!), obtained by averaging several scans from an
Al1/Si02/Si (n™) junction on the Si(111) orientation.

Three regions with specific infra-red vibration modes can be distinguished:

1. In the energy range 35-80 meV (282.3-645.2 cm™!), strong structures that
correspond to phonons in the Si substrate [95].

2. In the range 130-180 meV (1048.4-1451.7 cm™!), a smaller band structure
corresponding to the phonons of the SiO5 barrier.

3. In the other ranges of energy (80-130 meV (645.2-1048.7 cm~1!), and higher
than 180 meV), small structures sometimes attributed to molecular vibrations
present in the tunnel barrier [91].

Figure 6 shows the IET spectrum of an Al/SAM/SiO5/Si(n*) (100) junction.
This tunnel spectrum has been obtained seven times with an excellent reproducibil-
ity. We observed in the energy range 10 to 65 meV (80.6 to 524.6 cm~!), the Si
phonon peaks. Above this energy range, we have observed several large peaks be-
longing to the alkyl chain in the SAM. The largest peaks represent increase of ~1%
in the junction conductance, less than the strong silicon phonon structures (6%)
in MOS structure [91] but of the same order of magnitude as molecular vibrations
in MIM junctions [97]. Based on previous IR, Raman and high resolution electron
energy loss spectroscopy (HREELS), we are able to reasonably assign the most
intense vibration modes of the alkyl chains.
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Beyond the silicon phonon spectrum energy, we can mainly observe four impor-
tant peaks:

1. The §-CHj rocking mode at 95.2 meV (767.8 cm™!). This first assignation
is in agreement (95 mV) with Raman data [98] and has been also recently found
independently by Wang et al [89] and by Kushmerick et al [88] in the IETS of
alkanedithiol SAMs. In our case, the intensity and resolution of this inelastic peak
is better than in these previous works. The better resolution is due to a smaller
modulation amplitude used in our work. The larger intensity may be ascribed to
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the orientation of CHy elongations (linked to the alkyl chain tilting) relatively to
the metallic plane electrode [99].

2. The second important structure appears at 134.3 mV (1083.2 cm~!) and can
be attributed to C—C vibrations. This assignation is consistent with Raman data
[100] and the peak magnitude is the same as in the 8 carbon atoms alkyldithiol
SAM obtained by Wang et al [89)].

3. The third important inelastic peak is observed at 187.9 mV (1515 cm™!) in
our spectrum. We attribute it to 6-s CHy vibration. The HREELS data give its
energy at 180 mV (1451.7 cm™!). A comparable inelastic structure was observed
at 180 mV as a very little peak by Wang et al [89] and as a CHy wagging vibration
located at 170 mV by Kushmerik et al [88]. The intensity of the various CHy modes
observed in these three IETS works depends on the alkyl chain lengths, but this
intensity is not exactly proportional to the number of carbon atoms, and there
exists a saturation trend [101].

4. The last characteristic peak is located at 242.9 mV (1960 cm~!). This peak
has not been clearly assigned at the moment. Further experiments are in progress.

4. Conclusion

In conclusion, we demonstrate that SAMs containing 7-groups (phenyl, anthracene,
pyrene, ethylenedioxythiophene, ethylenedioxyphenyl, thiophene, terthiophene and
quaterthiophene) can be obtained by sequential grafting of alkyl chains (different
chain lengths from 6 to 15 methylene groups) which are functionalized in a second
step. For all the m-groups investigated here, we observe a rectification behavior
in their current—density vs. voltage characteristics, which extends our preliminary
work using phenyl and thiophene groups [51]. A simple analytical model is fitted on
the experimental current—voltage curves to determine the position of the m-group
molecular orbitals with respect to the electronic structures of the silicon substrate
and the metal top electrode. The electronic structure of these molecular rectifying
junctions can be calculated using a self-consistent tight-binding method. Compar-
ing with the experimental data allows us to conclude that Fermi level pinning at
the m-group/metal interface is mainly responsible for the observed behavior. It
also explains why the rectification effect does not depend on the nature of the m-
groups, albeit they have been chosen to have significant variations in their electronic
molecular orbitals in vacuum.

We demonstrate that a MOS tunnel junction is a suitable test-bed for study-
ing inelastic transport phenomena in organic self-assembled monolayers. For the
eight-carbon atoms alkyl chain, the most important molecular vibrations are iden-
tified and compared with recent similar IETS investigations on metal surfaces and
with IR, Raman and HREELS data. We observe that vibronic coupling in the
organic tunnel monolayer are more intense than in the SiOs tunnel junctions. This
would help in understanding more deeply the transport properties in hybrid sili-
con/molecular electronic devices.
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