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C
omprehension and control of elec-
tron transport through organic
molecules are actively pursued in

both basic and applied research.1,2 Funda-
mental to these goals is a detailed determi-
nation of the structure under investigation
at the molecular level. Even in cases where
molecular films grown on metallic surfaces
are well characterized, the interface be-
tween the molecules and the electrodes is
generally uncertain. In principle, measure-
ments with single-molecule junctions could
permit a better characterization of the con-
tacts, as recent data seem to indicate.3�5

However, even this type of junctions is diffi-
cult to control and characterize experimen-
tally. Thus, to obtain a complete under-
standing of transport through molecular
junctions, it is crucial to consider and com-
pare experiments to theories taking into ac-
count the atomic details. In this context,
the information gained from first-principles
calculations can be of great help.5�8

Self-assembled monolayers (SAMs) of al-
kanethiols grown on Au(111) have become
a prototype system for experimental test-
beds in molecular electronics.7�17 Although
the first electrical measurements on alkane-
based SAMs were performed more than
three decades ago,18 there is a consider-
able ongoing activity pursuing the charac-
terization of electronic transport across the
junctions at the microscopic scale.19,20 As
the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) are far away from the
Fermi level (EF) of the electrodes [within the
present treatment based on density func-
tional theory (see Methods Section), the cal-
culated gap for the infinite alkane chain is

of the order of 8 eV] the electronic trans-
port across these molecular films takes
place in the nonresonant tunneling re-
gime. At low and intermediate bias, com-
pared to the tunnel barrier height, the Sim-
mons model21 has been widely used to
extract parameters, like barrier heights and
inverse decay lengths. However, its applica-
bility is not fully justified, as it is based on a
purely one-dimensional trapezoidal tunnel-
ing barrier combined with semiclassical
(WKB) transmission functions. Recently,
Wang et al.16 have used a three barrier
model with fitting parameters to study the
influence of the metal�molecule contact
on the junction conductivity for both al-
kanethiols and alkanedithiols. Furthermore,
the fact that the organic overlayer is highly
anisotropic obviously requires special atten-
tion, as can be concluded by the failure of
descriptions based on a continuous dielec-
tric model to represent it.22

It is anticipated that the conductance
of metal�alkanethiol�metal junctions
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ABSTRACT Electronic transport mechanisms in molecular junctions are investigated by a combination of

first-principles calculations and current�voltage measurements of several well-characterized structures. We

study self-assembled layers of alkanethiols grown on Au(111) and form tunnel junctions by contacting the

molecular layers with the tip of a conductive force microscope. Measurements done under low-load conditions

permit us to obtain reliable tilt-angle and molecular length dependencies of the low-bias conductance through

the alkanethiol layers. The observed dependence on tilt-angle is stronger for the longer molecular chains. Our

calculations confirm the observed trends and explain them as a result of two mechanisms, namely, a previously

proposed intermolecular tunneling enhancement as well as a hitherto overlooked tilt-dependent molecular gate

effect.

KEYWORDS: molecular junctions · alkanethiols · self-assembled monolayers ·
conducting scanning force microscopy · first-principles transport calculations
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depends on the geometry of the molecular arrange-

ment, in particular on the tilt angle � that characterizes

the alignment of the SAM with respect to the surface

normal. By applying a force to the molecular film with

the tip of a scanning force microscope (SFM), it has
been established that tunneling through alkanethiol
SAMs increases with applied load.8,15,23 This depen-
dence has been assigned to the tilt configuration, de-
spite that film compression may induce gauche defects
and changes in the nature of the Au�S bond, which
complicate the interpretation of experimental data.6

Within an extension of the Simmons model, a com-
mon approach to understand the tilt dependence of
tunneling in alkanethiol SAMs is based on two differ-
ent contributions, an intramolecular (through-bond)
and an intermolecular (through-space).22 This picture is
illustrated in Figure 1a. Direct tunneling between elec-
trodes can safely be ignored because such contribu-
tions are several orders of magnitude smaller.24 Despite
many efforts to quantify these intra- and intermolecu-
lar contributions, no conclusive picture has yet
emerged, neither have alternative mechanisms been
proposed to explain the experimental trends.

In the present study, we make use of our ability to
grow and prepare differently tilted molecular configura-
tions25 for various lengths of methyl-terminated alkaneth-
iol molecules [CH3(CH2)n�1SH, referred to as Cn from now

on]. To ensure essentially no film deforma-
tion our conducting SFM (C-SFM), experi-
ments were always performed at the low-
est practical load. Our approach provides
well-characterized, highly ordered molecu-
lar films to establish comparative analysis,
which helps overcoming the otherwise
general lack of tip-film contact description
in any C-SFM investigations. We observe
that the conductance of alkanethiol junc-
tions are higher for the more tilted configu-
rations and that this increase is more pro-
nounced for the longer molecular chains.
Using first-principles methods we are able
to describe the elastic transport mecha-
nisms at the molecular level comparing the
trends of calculated and measured conduc-
tance values. Our simulations indicate that
the observed conductance behavior can be
related to intermolecular contributions
and to a tilt-dependent molecular gate ef-
fect. The latter mechanism, which so far has
been overlooked, arises from the change
of effective interface dipole with variations
in the molecule�substrate bonding geom-
etry. Specifically, when thiol groups are
tilted with respect to the metal, the work
function of the decorated surface increases.
As a consequence, the molecular levels
shift upward with respect to the Fermi level

in the contacts, thereby enhancing tunneling through

the tail of the HOMO resonance (see Figure 1b).

EXPERIMENTAL RESULTS
Islands of self-assembled molecules on Au(111) sub-

strates were prepared following the procedure de-

scribed elsewhere.25 This procedure leads to the forma-

tion of alkylthiol islands, presenting two differently

tilted configurations of upright molecules. These two

structures and their molecular orders, the hexagonal

(�3 � �3)R30° of the monolayer and a rectangular (2

� �3)rect phase, have already been reported.12,25 The

molecules are tilted by � � 30° and � � 50° from the

surface normal, and their packing areas correspond to

21.6 Å2 and 28.7 Å2 per molecule, respectively. Addi-

tional advantages of using submonolayer coverages are

(i) ordered single domains are obtained, which are

larger in size and better in crystalline quality than those

obtained for complete monolayers even after anneal-

ing; (ii) the bare gold serves as an in situ reference for

lattice periodicity determination and transport

response.

As commented above, this ability to obtain differ-

ently tilted configurations for the same molecular

length offers an elegant way to investigate the elec-

tronic transport through these layers by establishing

Figure 1. Schematic of the two important tunneling enhancement mechanisms in tilted
alkanethiol SAMs. The molecular tilt angle � and S�C bond angle � are defined with re-
spect to the surface normal. (a) The first mechanism is based on the geometry of the tun-
neling pathway, which is commonly separated into intramolecular (through-bond) and in-
termolecular (through-space) contributions. These two generic pathways are illustrated
with green and blue/dashed arrows, respectively. As indicated for the tilted SAM, a
tunneling electron can shorten its effective path along the molecular backbone at
the price of tunneling to the neighboring molecule. This opens up an additional tun-
neling pathway which can enhance the overall tunneling probability. (b) The other
mechanism, which we denote the tilt-dependent molecular gate effect, arises from
changes in the effective interface dipole (vector sum of the red arrows), which has
contributions from a permanent surface dipole and a molecular dipole oriented
along the S�C bond (characterized by the angle �). When the molecules are tilted
by �, the effective dipole is reduced and the work function of the decorated surface
increases. As sketched, this results in an upward shift of the molecular orbitals with
respect to the Fermi energy, and hence in enhanced tunneling through the tail of the
HOMO resonance.
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comparative analysis while avoiding film
compression (see Methods Section).

Figure 2a,b shows an example of si-
multaneous topographic and current
C-SFM images of a sample consisting of
C12 islands partially covering the gold
substrate terraces. These images are ac-
quired in contact mode at the lowest
practical load (the pull-off force) to avoid
compression of the organic layers while
providing precise film thickness.12 Topo-
graphic profiles and high resolution imag-
ing (not shown) were acquired to con-
firm the actual structure (tilt and
molecular order). Because of the different
electrical character of the metallic bare
gold and the poorly conducting alkaneth-
iol molecules, the C12 islands are easily
identified as black patches in this low-
voltage current image.

Figure 2c shows typical I�V curves
measured on top of both 30° and 50°
tilted configurations. The characteristic
sigmoidal shape reported for alkanethiol
junctions, and shown here for the case of
C12, was always observed over the �2 V
for both structures and the three molecu-
lar lengths investigated. It is more clearly
visualized for the � � 50° case (in red),
which for a given voltage yielded higher
current values as compared to the � � 30°
case (in black). The linear response of the
I�V curves around the low bias region (�0.5 V) (see in-
set) were used to estimate the experimental resis-
tances (defined as the inverse slope) of the correspond-
ing molecular junction.

Using the experimental procedure described above,
we obtained the junction resistance for six different
layer thicknesses, namely for C12, C16, and C18 al-
kanethiol islands exhibiting each of the two character-
istic tilt angles. To minimize any tip-dependent effects,
the same conducting probe has been used for the
whole experimental data summarized in Table 1, which
facilitates the analysis of the results and the compari-
son between measurements and calculations.

In Table 1 we also present the relative conductance
ratios as � changes from 30° to 50°, being aware of the
fact that the two different structures correspond to
slightly different molecular coverages. From the mea-
sured I�V characteristics and using reasonable values
of the effective contact area,17 we can estimate values
for the single-molecule conductances. For C12 we esti-
mate it to be in the range 10�7 to 10�6 G0, where G0 is
the conductance quantum.

Here, we are mainly interested in relative changes
of the junction conductance as a function of the tilt
angle � and length of the C backbone. The essential

trends to notice from Table 1 are (i) the junction con-
ductance increases with � and (ii) the conductance in-
crease grows with the length of the molecule. These re-
sults cannot be solely explained by a reduced electrode
separation and calls for modeling that takes into ac-
count the structural and chemical details of the SAMs.

THEORETICAL RESULTS
We have carried out first-principles transport calcu-

lations for a series of SAM geometries varying both the
tilt angle and C-backbone length. Specifically, we use a
supercell representation of the junctions including a
single alkanedithiol molecule connected to two Au(111)
electrodes via Au-adatoms on hollow sites, correspond-
ing to an hexagonal packing geometry, as shown in Fig-
ure 3. The molecular coverage is throughout these cal-
culations kept fixed at one molecule per surface unit
cell in a p-2 � 2 symmetry on the Au(111) surface plane

Figure 2. (a,b) Simultaneous SFM topographic (left) and current (right) images acquired
at a tip voltage of 300 mV on a sample exhibiting C12 islands. The corresponding color
codes are such that the total vertical scales are 0�7 nm for panel a and 0�15 nA for panel
b. (c) Current�voltage (I�V) curves for C12 islands presenting the � � 30° and � � 50°
tilted configurations. Insets show the I�V data over � 0.5 V (top left) used to estimate the
experimental junction resistances and the C-SFM setup schematics (bottom right).

TABLE 1. Measured Junction Resistances R (in G�) as a
Function of Alkane Backbone Length and Tilt Angle � (in
deg)

tilt angle � R (C12) R (C16) R (C18)

30 1.3 � 102 2.5 � 103 2.08 � 104

50 6.5 � 101 3.3 � 102 1.7 � 103

ratio 2.0 7.6 12.2
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(i.e., an area of 30.3 Å2 per molecule), except for obtain-

ing the results presented in Table 2, where a p-4 � 4

symmetry with four times lower coverage, has also

been used.

The junction geometries considered in the calcula-

tions deviate in certain aspects from the experimental

situation (see Methods Section). On the one hand, the

actual molecular coverage and � are not independent

variables, as the molecular packing is the result of the

optimization with respect to the intermolecular van der

Waals interactions. The observed configurations have

similar packing areas as the ones considered in the cal-

culations, the maximum difference being about 30% for

the 30°-tilted structure. Moreover, although the actual

packing geometries for � � 30° and � � 50° in fact cor-

respond to hexagonal and rectangular molecular or-

ders, respectively, the relevant parameter for our pur-

poses is the chain�chain distance. This distance is

around the optimum van der Waals distance (�4 to 5

Å) in both theory and experiment. On the other hand,

our experiments involve monothiol SAMs, that is, mol-

ecules are only chemically bonded to one of the elec-

trodes, the Au(111) surface. This fact can easily account

for 1 order of magnitude lower conductance than for

corresponding dithiol junctions.19 Furthermore, the ex-

perimental averageOover different Au�S bonding

configurations and molecular end-group contacts to

the tipOis likely to further affect the final measured

conductance. While it has been shown that the conduc-

tance of alkanedithiol junctions can be sensitive to the

Au�S binding site,26 only binding to Au adatoms are

considered here. This choice, motivated in the Meth-

ods Section to control the tilt angle, is therefore justi-

fied because the experimental Au�S bonding configu-

rations in the tilted SAMs are not fully characterized

anyways. Finally, we remark here that our interest is not

to reproduce absolute conductance values but to un-

derstand the observed trends to infer some general

conclusions.

As an example of the elastic electron transport prop-

erties of the junctions we show in Figure 4a the trans-

mission function T(E) for C8 at the three different tilt

angles. The transmission probability at EF is of the or-

der 10�3, that is, the vast majority of incoming electron

waves at this energy are backscattered at the molecu-

lar interface. However, as the figure shows, sufficiently

away from EF the transmission approaches unity (asso-

ciated with resonant transport). This picture supports

the notion that the electron transport through alkanes

is off-resonance and through a HOMO�LUMO gap of

several eV.

To shed some light on the origin of the features in

the transmission function, we have calculated the pro-

jected density of states (PDOS) onto the basis orbitals

associated with the different species in the junction.

This is shown in Figure 4b. Despite some minor changes

with �, the panel illustrates some robust features of

the electronic structure: (i) The PDOS onto Au basis or-

bitals has the most significant contribution below �2

eV. This can be understood as the contributions from

the 5d valence electrons. (ii) The PDOS onto H and C ba-

sis orbitals reveal a HOMO�LUMO gap of the order

7�8 eV. (iii) The PDOS onto S orbitals display a promi-

nent peak just below EF. Therefore, the features appear-

ing in the transmission function (Figure 4a) for the

tilted molecules around EF � 0.2 eV can be associated

with an S derived resonance.27,28 We note that this reso-

nance shifts slightly away from EF with tilt and there-

fore cannot contribute significantly to the experimen-

tally observed conductance increase. Figure 4 panels c

and d show, for C8 at � � 0° and � � 50°, a real-space

Figure 3. View of three geometries used in our first-principles calculations for C8 molecules between Au(111) surfaces. The
nominal tilt angle � corresponds to 0°, 30°, and 50°, in panels a, b, and c, respectively.

TABLE 2. Calculated Conductance (in Units of the
Conductance Quantum G0) per C8 Molecule at High
(Dense) and Low (Dilute) Coverages for Three Different
Nominal Tilt Angles (�, in deg)a

Nominal angle � G (dense) G (dilute)

0 3.3 � 10�4 3.0 � 10�4

30 4.7 � 10�4 4.6 � 10�4

50 7.8 � 10�4 5.4 � 10�4

aThe stronger angle dependence at high coverages is consistent with an increasing
role of intermolecular couplings (through-space contribution).
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representation of the scattering states belonging to

the dominant transmission eigenchannel29 at 0.2 eV be-

low EF, where the peak in transmission appears. The

main difference is that at � � 50° the scattering state

has relatively more weight on the top-
most S atom illustrating that, in this
case, the scattering state couples to
states localized there, and that a reso-
nance builds up. The corresponding re-
sults for C12 molecules are presented in
Figure 5. A behavior similar to that for
C8 is found for the transmission func-
tion and the projected densities of
states.

By extracting the transmission val-
ues at the Fermi energy we are now
in position to theoretically discuss the
relative conductance changes with �.
This is shown in Figure 6 for C8 and
C12 alkanedithiols. From the com-
puted conductance values we ob-
serve that (i) in both cases, the con-
ductance per molecule increases with
increasing tilt angle (particularly when
going from 30° to 50°), and (ii) the con-
ductance gain at 50° is more pro-
nounced the longer the molecule is.
These results fit both with the experi-
mental trends, as well as with the pic-
ture of the opening of an intermolecu-
lar tunneling pathway for the electrons
for the more tilted configuration (see
Figure 1a).

To inquire into the contribution
from intermolecular tunneling, we have
performed calculations for C8 mol-
ecules arranged in a larger supercell,
namely a 4 � 4. By removing three of
the four molecules in this cell we obtain
a dilute structure, where the distance
between C8 nearest neighbors is two
times larger. To keep the interface envi-
ronment invariant, methanethiols
(SCH3) are allocated on the Au adatom
positions whenever any C8 molecules
were removed from the SAM. In such a
way, intermolecular couplings between
C8 chains can be considered negligible,
while the Au(111) surface has the same
chemical termination with respect to
Au�S bonds.

Our results for the conductance
per molecule in both the dense and
dilute C8 structures are presented in
Table 2. An increase in conductance
with � occurs for both molecular den-
sities, butOfor a given tilt angleOthe

dilute structure is slightly less con-

ductive. This difference supports the interpretation

of an intermolecular contribution in the dense, tilted

structures.

Figure 4. (a) Transmission function T(E) and (b) projected densities of states
onto different atoms PDOS(E) as a function of electron energy E for C8 at three
different nominal tilt angles �. (c,d) Real-space distribution of the dominant
transmission eigenchannel scattering state at E � EF � 0.2 eV (incoming from
below) for C8 molecules at � � 0° and � � 50°. The real part is represented
in dark blue and white, while the imaginary part in light blue and yellow (the
imaginary part is hardly visible because the phase is chosen to be real at the
interface at the incoming side). As seen from the scattering state visualization,
the transmission resonance at EF � 0.2 eV, observed in panel a for the tilted
cases, manifests itself as a phase accumulation on the upper-side electrode S
atom in panel d. The electrical current flows from the bottom to the top side
Au�S contacts.
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On the other hand, even the dilute structures dis-

play a conductance increase by tilting, despite that the

intermolecular contribution should be negligible. We

have verified that the general shape of the transmis-

sion function as well as the PDOS onto the different ba-

sis orbitals were not changed significantly by going

from the dense to the dilute structures. This is a good

indication that the AuSCH3 termination (with Au ada-

tom, S, and C atoms kept in the equivalent positions as

for the bridging molecule) is neither altering the elec-

trostatics nor the electronic structure with respect to

the corresponding dense structure.

However, from a separate analysis for an AuSCH3

terminated Au(111) surface, we have found that the
work function � increases by tilting the termination
groups.30�32 This is summarized in Table 3. For in-
stance, with a surface termination derived from C8,
the work function is found to increase by 0.08 eV go-
ing from � � 0° to � � 30°, and by another 0.76 eV
going from � � 30° to � � 50°. These changes can be
rationalized by considering the effective interface di-
pole along the surface normal arising from a perma-
nent surface dipole and a molecular dipole oriented
along the S�C bond, as shown in Figure 1. In fact,
the changes are well described by a simple 	� �

�1.2 eV cos (
) dependence, where 
 is the angle of
the S�C bond with respect to the surface normal.
This result is in good agreement with the reported
data in ref 32, once the difference in coverage is
taken into account. With this insight we can under-
stand the shifts in PDOS onto C and H orbitals ob-
served in Figure 4 and Figure 5, which simply reflect
these modifications in the potential. In other words,
when the AuSCH3 groups tilt (thus changing the
angle 
 of the S�C bond), several aspects are af-
fected: the effective interface dipole changes, the
surface work function increases, the local electro-
static potential in the molecular gap is modified, the
molecular levels shift upward, andO
specificallyOthe HOMO level moves closer to EF.
Consequently, the tunneling through the tail of the
HOMO resonance is enhanced. Since the tunneling
probability decays exponentially with length and the
effective inverse decay length decreases when the
molecular level shifts, this tilt-dependent molecular
gate effect is therefore also consistent with a stron-
ger angle dependence for the longer molecules.

SUMMARY AND CONCLUSIONS

We have employed a combined theoretical and ex-
perimental approach to clarify the underlying mecha-
nisms of electronic transport across metal�SAM�metal
junctions. The spontaneous formation of structures

with different tilt angles, for a given alkanethiol
molecular length, has been exploited as a
unique tool for accurately investigating the
role of well-defined molecular tilt angles. Fur-
thermore, to successfully overcome the as-
sumption of continuous molecular tilting dur-
ing invasive compression film experiments,
C-SFM measurements at the lowest practical
load have been performed for different molecu-
lar lengths and two different tilt angles (30°
and 50°).

Our experimental results permit comparison
of conduction properties of molecular junctions
with different thickness while essentially pre-
serving the film structure. The data reveal a
stronger tilt angle dependence of the conduc-

Figure 5. (a) Transmission function and (b) projected densities of states
(PDOS) onto different atoms as a function of electron energy for C12 at three
different nominal tilt
angles (�).

Figure 6. Theoretically computed conductance per molecule for C8
and C12 for different nominal tilt angles (�).
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tance for the longer molecules. This trend is repro-

duced by our first-principles calculations for C8 and

C12 molecular layers. To further investigate the impor-

tance of intermolecular tunneling pathways, the con-

ductance values for two different C8 structures (low and

high coverage) at three different tilt angles have been

computed. It was found that the tilt-angle dependence

was reduced for the dilute structures, hence suggest-

ing the existence of an intermolecular contribution to

the conductance. At the same time, we also found that
molecular tilt changes the effective interface dipole and
brings the HOMO resonance closer to the Fermi en-
ergy. This second mechanism also provides a way for
enhancing the conductance with tilt.

To differentiate between the intermolecular tun-
neling and the molecular gate effect suggested in
this study, experimental results for the HOMO level
position as a function of tilt angle in alkanethiol
SAMs should be pursued. In principle, the proposed
level shifts have observable consequences for photo-
emission and bias spectroscopy. For the studied
Au�alkanethiol�Au junctions we have also seen
that transport through the HOMO tail is dominating
over the LUMO tail. On the basis of the notion that
the LUMO is spatially more extended than the
HOMO, we further claim that the intermolecular con-
tribution would play a more significant role for
LUMO-dominated SAMs.

In summary, we have shown that our combined
theoretical and experimental study is a promising route
to follow for achieving a microscopic characterization
of electronic transport at the molecular level for
metal�molecule�metal junctions in general.

METHODS
The experimental procedure is based on the use of C-SFM

to simultaneously record topographic and current images as
well as to measure I�V characteristics of the molecular junc-
tions under controlled applied load. The complete measuring
C-SFM strategy employed has been described in detail else-
where.17

Our theoretical simulations are based on density functional
theory as implemented in the SIESTA package.33 The electronic
structure is calculated using a DZP basis set for H, C, and S atoms,
and a SZP for the Au atoms and a k-point sampling of 2 � 2 �
2. The GGA-PBE34 functional was used for exchange-correlation,
and real-space integrations were performed using a 200 Ry cut-
off. For a given geometry, cf. Figure 3, we relax the forces on the
molecule and the two Au adatoms until residual forces are
smaller than 0.02 eV/Å. The electrode layers (including the two
interface layers), described by a bulk gold lattice constant of 4.18
Å, were not relaxed.

The molecular tilt angle � is modeled by imposing different
positions of the Au-adatoms on the Au(111) surfaces, represent-
ing the leads, under the constraint of keeping the stretch/length
of the molecule approximately constant. Although other pos-
sible choices seem reasonable, like bonding S-atoms directly to
hollow sites, the Au adatoms are convenient since they function
as anchors in well-defined positions on the Au(111) surface (in
contrast, a S bond directly on the Au surface will be much more
flexible).

In practice, we start by determining the molecular struc-
tures for zero tilt angle, and build the tilted geometries by treat-
ing the molecule (and adatoms) as a rigid rod that can be con-
nected between different hollow sites on the ideal Au(111)
surfaces of the electrodes. As a result of the tilting, the elec-
trodes are brought closer to (approximately) maintain the ada-
tom surface geometry. The geometrically transformed junctions
are next relaxed to the force tolerance criteria of 0.02 eV/Å. The
resulting geometries are thus only approximately 30° and 50°
tilted. The actual anglesOdefined via the Au adatom coordinates
and the surface normalOare 18 (24) and 43 (45) for C8 (C12),
respectively.

Having constructed the junction geometries, we determine
the corresponding transport properties utilizing the TranSIESTA
method.35 This scheme involves the replacement of periodicity in
the transport direction of the supercell description with a match-
ing to semi-infinite atomistic electrodes. The zero-bias conduc-
tance per molecule is evaluated from a calculation of the elec-
tronic transmission probability at EF using a 12 � 12 sampling of
the two-dimensional Brillouin zone. The use of a dense k-point
sampling is mandatory to achieve well-converged results.
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