
Influence of End Group and Surface Structure on the Current-Voltage Characteristics of
Alkanethiol Monolayers on Au(111)†

Jian-guo Wang* and Annabella Selloni*
Department of Chemistry, Princeton UniVersity, Princeton, New Jersey 08540

ReceiVed: July 25, 2007; In Final Form: September 24, 2007

We present density functional theory calculations of the electronic structure and tunneling characteristics of
alkanethiolate monolayers on Au(111). We systematically analyzex3 × x3 full coverage monolayers of
SC6H12X molecules with different terminal groups, X) CH3, NH2, SH, OH, COOH, OCH3, on defect-free
(“perfect”) Au(111). We also study the influence of the surface-molecule bonding structure by comparing
the properties of monolayers of SC6H12CH3 molecules on the perfect surface and on Au(111) surfaces with
vacancies or adatoms. The tunneling currents (I) through the adsorbed monolayers with a single chemical
contact have been calculated within the Tersoff-Hamann approach for voltages between-1 and+1 V.
Computed currents are found to depend linearly on V at low voltage, with typical values of∼60 and 150
pA/molecule at 0.2 and 0.5 V, respectively, in good agreement with several experimental data. Computed
tunneling currents show also a significant dependence on both the terminal group X and the surface structure.
In particular, in order of decreasing intensities, currents for the different end groups are NH2 ≈ SH > CH3

> OH > OCH3 > COOH. The relationships between the tunneling current, the work function of the surface
+ SAM, and the lineup of the HOMO with respect to the Fermi energy of the metal surface are examined.

Introduction

The challenge of understanding electron transport in mol-
ecules and molecular monolayers has motivated numerous
fundamental investigations of electrode-molecule-electrode
junctions over the last several years.1-10 The main goal was to
determine how the current through the junction is affected by
the structure and electronic properties of the molecules and by
their contacts to the electrodes. In particular, a great deal of
theoretical work has focused on symmetric molecular junctions
in which a single molecule is chemically bonded to two identical
metal electrodes.11-14 On the other hand, experimental studies
are frequently based on scanning tunneling microscopy (STM)
or conductive-probe atomic force microscopy (CP-AFM) mea-
surements of the current-voltage (I-V) characteristics of self-
assembled monolayers (SAMs) of elongated organic molecules
sandwiched between two nonequivalent electrodes:5,7,8,10,15,16the
molecules are chemisorbed through an appropriate head group
on a metal surface, representing one of the electrodes, while
the other contact, which may or may not involve chemical
bonding, is formed through the STM or CP-AFM tip.

In this study, we tried to gain new insights into the tunneling
properties of metal-SAM-tip junctions with a single chemical
contact, by performing first principles calculations on the effect
of the molecular end group and surface-molecule bonding
geometry on theI-V characteristics ofx3 × x3 full coverage
monolayers of alkanethiols on Au(111). Recent work by our
group16,17 indicates that for such junctions, and for SAMs of
short to intermediate length molecules, a simple approach based
on Tersoff-Hamann’s18 theory of the scanning tunneling
microscope can quite satisfactorily describe the differences in
tunneling properties of structurally similar molecules. For

instance, differences between the computedI-V characteristics
for SC5H10CH3 and SC5H10CF3 monolayers on Au(111)17 were
found to qualitatively agree with STM measurements on SAMs
of CH3 and CF3 terminated decanethiols.15 In the present work,
we use again the simple Tersoff-Hamann approach to perform
a more systematic study of theI-V characteristics of prototype
SAMs of intermediate chain length alkanethiols on Au(111).
To determine how the tunneling current depends on the
molecular properties, we consider SC6H12X monolayers, with
X ) CH3, SH, OH, NH2, OCH3, COOH (see Figure 1). In
addition, we investigate the influence of the metal-molecule
interface on theI-V characteristics by carrying out calculations
for both defect-free Au(111) and defected surfaces with vacan-
cies and adatoms. The different end groups are found to affect
the I-V tunneling characteristics as well as the work function
of the surface+ SAM systems. Similarly, the structure of the
metal substrate affects the tunneling current as well as the
alignment between the molecular levels and the Fermi energy
of the metal. Correlations between the different properties are
identified.

Calculations

The calculations were carried out within density functional
theory (DFT), using the gradient-corrected PW91 functional.19

The neglect of van der Waals (vdW) interactions, implicit in
the use of this standard DFT approach, is expected to be a
reasonable approximation for the intermediate length (n ) 6)
chains considered in this work: for instance, recent quantum
mechanical/molecular mechanical calculations have found that
vdW contributions to the stability of alkanethiol monolayers
are significant but not decisive for chains withn ) 10 and
decrease steadily, becoming negligible forn ) 4 chains.20

Ultrasoft pseudo-potentials21 were used to describe electron-
ion interactions, with plane-wave basis set cutoffs of 25 and
200 Ry for the smooth part of the electron wave functions and
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augmented electron density, respectively. Au(111) surfaces were
modeled using a repeated slab geometry, with slabs of four
layers and a separation of∼20 A between successive slabs.
Test calculations showed that the results do not change
significantly by increasing the number of Au layers or the
distance between slabs. The clean Au(111) surface exhibits a
x3 × 23 reconstruction,22 but it is known that this is lifted in
the presence of ax3 × x3 alkanethiol monolayer at saturation
coverage.23 We thus considered a bulk terminated surface with
a x3 × x3 surface unit cell containing three Au atoms per
layer and one adsorbed SC6H12X molecule on one side only of
the slab. In the case of defected surfaces, one surface vacancy
or one Au adatom per unit cell is also present. The Brillouin
zone was sampled with 48 specialk-points. In the geometry
optimizations, the adsorbed molecule and the topmost two layers
of the Au(111) slab were relaxed until each component of the
residual force on each atom was smaller than 0.03 eV/Å.

To calculateI-V characteristics, we used the expression16,17

where Fs (x, E) is the local density of states (LDOS) of the
Au(111)/SAM system at zero applied bias (implying thatV must
be small with respect to the system work function);A is the
contact area that we take to be equal to the surface area per
molecule (thusI corresponds to the current through a single
molecule);z0 is the vertical position of the STM tip; andVeff is
an effective velocity of the tunneling electrons that we take to
be equal to the Fermi velocity for gold. Forz0, we take a point
in the vacuum gap∼2.0 Å above the apex of the molecule,

where the tails of the charge density of the successive slab are
negligible. Note that in the previous expression, which is based
on perturbation theory,18 the interaction of the molecule with
the tip electrode is not included.

Results and Discussion

(a) Structure and Electronic Properties of SC6H12X, X )
NH2, SH, OH, CH3, OCH3, COOH, Monolayers on Defect-
Free Au(111). The optimized structures of the investigated
SC6H12X monolayers on the defect-free (“perfect”) Au(111)
surface are shown in Figure 1. To facilitate comparisons, we
have chosen geometries in which the apex atom(s) is(are) always
hydrogen(s). In addition, all adsorbed molecules have ap-
proximately the same height (within 1 Å), except for the
somewhat “taller” SC6H12COOH and SC6H12OCH3 molecules.
Starting from the known case of SC6H12CH3, in agreement with
previous theoretical studies,24-26 we find that the alkanethiolate
sulfur head group prefers to adsorb at the bridge-fcc site, with
a S-Au bond distance of∼2.49 Å. The computed height of
the S head group over the Au surface is∼2.1 Å, consistent
with X-ray standing wave (XSW) data27 for the c(4 × 2)
structure of decanethiols on Au(111) (note that for the c(4×
2) structure, two inequivalent sulfur head groups occur:27,28our
calculated height of 2.1 Å agrees with the smaller of the two
values found in the XSW experiment). The tilt angle of the
alkane chains,∼23°, is also consistent with experiment.29 Since
for the SAMs of the other SC6H12X alkanethiolates no precise
structural information is available from experiments,30 we start
from the same geometry (adsorption site, packing density, and
tilt angle) of SC6H12CH3 and then carry out a full structural
optimization according to the procedure described in Calcula-
tions.

For each adsorbed monolayer, the work functionΦ has been
calculated from the energy difference between the value of the
electrostatic potential in the vacuum region and the Fermi energy
EF.17,31,32 The dipole layer arising in the vacuum gap region
because of the periodic boundary conditions was subtracted.
For the clean Au(111) surface, the calculated work function is
Φ0 ) 5.30 eV, in good agreement with the experimental value
of 5.31 eV. The work function changes,∆Φ ) Φ - Φ0, induced
by the different monolayers with respect to clean Au(111), are
given in Table 1. In all investigated cases, the SAM induces a
decrease of the work function (∆Φ < 0). End groups with a
large dipole moment, such as OH and NH2, lead to a large work
function decrease,∆Φ ) -1.80 and-1.50 eV, respectively.
The symmetric thiol (SH) termination gives rise to a work
function change∆Φ ) -1.00 eV, very similar to the value

Figure 1. Optimized structures of SC6H12X (X ) NH2, SH, OH, CH3,
OCH3, COOH) on perfect Au(111) and SC6H12CH3 on Au(111) with
vacancies (vac) and adatoms (ada).

TABLE 1: Work Function Modification ( ∆Φ), HOMO
Energy (∆E), Energy (ET) of Peak in Terminal PDOS,
Current per Molecule (I ), and Molecular Length for SAMs
of SC6H12X (X ) CH3, NH2, SH, OH, COOH, OCH3) on
Defect-Free Au(111)a

∆Φ
(eV)

∆E
(eV)

ET

(eV)
I (pA)

at 0.5 V
I (pA)

at 0.2 V
molecular
length (Å)

SC6H12NH2 -1.50 -0.85 -1.20 165 58 9.92
SC6H12SH -1.00 -0.85 -1.13 151 60 10.30
SC6H12OH -1.80 -0.85 -2.11 136 49 9.84
SC6H12CH3 -1.05 -0.85 143 58 10.06
SC6H12OCH3 -1.20 -0.85 -1.68 112 47 11.09
SC6H12COOH -1.20 -0.85 -2.33 74 31 10.96
SC6H12CH3(vac) -1.05 -0.85 99 56 10.06
SC6H12CH3(ada) -0.40 -0.18 171 70 10.06

a For SC6H12CH3, results for monolayers on Au(111) surfaces with
vacancies, SC6H12CH3(vac), and adatoms, SC6H12CH3(ada), are also listed.

I ≈ eVeff ∫A
dx dy∫EF

EF+eV
dEFs(x,y,z0 : E)
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∆Φ ) -1.05 eV for SC6H12CH3 monolayers, while a decrease
∆Φ ) -1.20 eV is found for both SC6H12OCH3 and SC6H12-
COOH; for a more detailed analysis of the origin of the work
function changes induced by adsorbed monolayers of thiol
molecules, see refs 17, 31, and 32.

Figure 2 shows the computed partial densities of states
(PDOS) for monolayers of alkanethiols with different end groups
on perfect Au(111). For all adsorbed molecules, the HOMO
(which is mainly contributed by the sulfur atom) is found at
∆E ∼ -0.85 eV belowEF, independent of the terminal group.17

This can be rationalized by considering that the structure of
the metal-molecule interface, and thus the interface dipole, is
the same for all molecules.17,32Below the HOMO, a prominent
peak appears in the PDOS of all monolayers except SC6H12-
CH3. This peak, at energyET ∼ -1 to -2.5 eV relative toEF,
originates from states localized on the terminal group itself (see
Figure 3), mainly from the lone pairs on the N, S, or O atoms
in the end group. At still lower energies, below about-3 eV,
the band of occupied states from the alkane chains is present
for all adsorbed molecules. The corresponding band of empty
states is at energies above∼3 eV, so thatEF is approximately
in the middle of the gap between occupied and empty states
originating from the alkane chains.

(b) Structure and Electronic Properties of SC6H12CH3

Monolayers on Au(111) Surfaces Containing Either a
Surface Vacancy or an Au Adatom perx3 × x3 Unit Cell.
Recent studies have provided evidence that alkanethiolate
adsorption gives rise to an important restructuring of the Au-

(111) surface, with formation of vacancies and/or adatoms.28,33-36

Motivated by these results, we have considered SC6H12CH3

monolayers on a defected Au(111) surface that has either one
vacancy or one adatom in eachx3 × x3 surface unit cell.
While there is no strict correspondence between the present
models and the structures discussed in refs 28, 34, and 35, the
present results should provide insights into the effect of adatom
and surface vacancies on the electronic structure. On the surface

Figure 2. Partial densities of states for SC6H12X (X ) NH2, SH, OH, CH3, OCH3, COOH) monolayers on defect-free Au(111). The dashed vertical
blue lines indicate the Fermi energy (which corresponds to our zero energy) and the molecular HOMO, mainly originating from the S head group.

Figure 3. Partial densities of states for the terminal groups of the
investigated alkanethiolate monolayers on Au(111).
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with vacancies, the alkanethiol adsorption geometry is very
similar to that on the perfect Au(111) surface, with an Au-S
bond length of 2.49 Å, whereas on Au(111) with adatoms, the
alkanethiols adsorb just on top of the adatoms, and the Au-S
bond length, 2.26 Å, is much shorter. Incidentally, the latter
adsorption geometry is likely to be similar to that of thiolate
and/or dithiolate molecules at break junctions.37

Figure 4 compares the PDOS for SC6H12CH3 monolayers on
defect-free and defected surfaces. On Au(111) with vacancies,
the position of the HOMO of the adsorbed molecules relative
to the Fermi energyEF of the gold substrate,-0.85 eV, is the
same as on the perfect Au(111) surface because the molecules
have the same S-Au bonding geometry on the two surfaces.
Also, the induced work function modification,∆Φ ) -1.05
eV, is the same as on perfect Au(111). Instead, on Au(111)
with adatoms, the differences in the adsorption structure give
rise to corresponding differences in the electronic properties:
the HOMO is in this case much closer toEF, ∆E ∼ -0.2 eV,
and the induced work function modification is also smaller,∆Φ
) -0.4 eV (see Table 1).

(c) I-V Characteristics.The calculatedI-V curves for the
investigated SC6H12X monolayers on defect-free Au(111) are
shown in Figure 5a. It appears thatI depends linearly onV at
low voltages, with typical values of about 150 pA/molecule in
the voltage range between-1 and+1 V. We point out that
these values of the tunneling current are∼103 larger than those
we reported earlier for similar monolayers,16,17 in which an
incorrect normalization factor was included.17 From Figure 5a,
we also note that the differences in current among the different
monolayers are quite significant, up to a factor of∼3 within
the voltage range under consideration, despite the fact that the
molecules are all very similar (-alkanethiolates with the same
number of methylene units)- and that the metal-molecule

interface barrier is the same,|∆E| ) 0.85 eV, for the different
monolayers. Under both negative (i.e., electrons tunneling from
the occupied states of the surface+ SAM to the tip) and positive
(i.e., electrons tunneling from the tip to the empty states of the
surface+ SAM) voltages, the SAMs of the -COOH- and -OCH3

terminated alkanethiols have the smallest conductance, whereas
the largest conductance is found for the -SH and -NH2

terminated molecules. These differences may be related to the
combined effect of the work functionΦ and the energyET of
the end group states (see Table 1 and Figure 3), with smaller
absolute values ofET (i.e., peak closer toEF) andΦ favoring
larger currents. In particular, the relative current intensities for
the different monolayers are found to scale approximately as
the values ofΦ - ET () 5.0, 5.4, 5.6, 5.8, and 6.4 eV for -NH2,
-SH, -OH, -OCH3, and -COOH, respectively). Interestingly,
sinceΦ is largely determined by the dipole field induced by
the molecular end group, this amounts to a correlation between
the current and the strength of the end group dipole.

Comparison of our results for theI-V characteristics with
available experimental data shows both satisfactory and less
favorable aspects. On the positive side, the approximately linear
and symmetric appearance of the computedI-V curves at small
voltages agrees well with experiments (see, e.g., ref 10).

Figure 4. Partial densities of states for SC6H12CH3 monolayers on
perfect Au(111) and Au(111) with vacancies and adatoms. The dashed
vertical blue lines indicate the Fermi energy (which corresponds to
our zero energy) and the molecular HOMO, mainly originating from
the S head group.

Figure 5. Calculated tunneling current per molecule as a function of
the applied bias (see text) for (a) SC6H12X with different terminal groups
(X ) NH2, SH, OH, CH3, OCH3, COOH) on defect-free Au(111) and
(b) SC6H12CH3 on perfect Au(111) and on Au(111) surfaces with
vacancies (vac) and adatoms (ada).
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Moreover, using the widely accepted valueâ ) ∼1 Å-1 for
the tunneling decay parameter through alkanethiols on gold,2

we can easily verify that our computed values of the current
per molecule, particularly our values for SC6H12CH3 at 0.2 and
0.5 V (see Table 1), are consistent with most experimental data
for somewhat longer alkanethiolate chains with one chemicon-
tact (e.g., SC8H17 and SC10H21, see Table 1 in refs 2 and 15).
On the less satisfactory side, our results do not agree with recent
CP-AFM measurements for SAMs of SC6H12X with X ) CH3,
OH, and NH2 end groups on Au(111), which found that the
average conductance (scaled to 1 nm2 contact area) for -OH
terminated monolayers is about 10 and 100 times larger than
for -CH3 and -NH2 terminated SAMs, respectively.30 It should
be noted, however, that the structure of the -OH and -NH2

terminated SAMs was not well-known in ref 30. Thus, we
cannot exclude that the observed differences may to some extent
originate from a different packing density of the molecules in
the different monolayers.

A comparison of the calculatedI-V curves for SC6H12CH3

on defected and undefected Au(111) is given in Figure 5b. The
computed tunneling current intensities for the different cases
are similar at positive voltages, whereas a significantly larger
current is observed for the defected surface with adatoms under
negative bias. This difference can be attributed to the fact that
for the Au(111)+ adatom surface, the HOMO is much closer
to EF than in the other cases,∆E ) -0.18 versus-0.85 eV,
respectively, implying a smaller metal-molecule interface
barrier for charge (hole) injection.

Conclusion

In summary, we have studied tunneling through alkanethiolate
SAMs on Au(111), forming metal-molecule-tip junctions with
a single chemical contact, by means of first principles electronic
structure calculations combined with Tersoff-Hamann’s theory
of the scanning tunneling microscope. The main results of our
study are: (i) tunneling currents (I) through the investigated
SAMs of SC6H12X molecules depend approximately linearly
on low voltages, with typical values ofI of ∼60 and 150 pA/
molecule at 0.2 and 0.5 V, respectively. Despite the simplicity
of our approach, and the inherent deficiencies of DFT in
describing transport properties,38 our computed currents per
molecule for SC6H12CH3 agree well with the results of many
experimental studies of electrode/SCnH2n+1/electrode junctions
with a single chemicontact.2,15 (ii) Tunneling currents through
SC6H12 X monolayers (X) CH3, NH2, SH, OH, COOH, OCH3)
on perfect Au(111) depend remarkably on X, with variations
by a factor of∼3 for voltages in the range of-1 to +1 V.
These differences can be related to the accompanying modifica-
tions in the work function and terminal partial density of states.
In particular, our calculations predict that alkanethiols with
-NH2, -SH, and -CH3 end groups have larger tunneling
conductances than those with -OH, -COOH, and -OCH3

terminals. (iii) Restructuring of the gold surface via formation
of vacancies and adatoms causes changes in the metal-molecule
adsorption geometry, which affect the interfacial barrier (lineup
of the molecular levels with the metal Fermi energy) and, in
turn, the tunneling currents. In particular, a substantially larger
tunneling current at negative voltages is found for SC6H12CH3

bound to an Au adatom. This finding, namely, that the tunneling
current depends strongly on the detailed Au-S bonding
geometry, agrees with recent observations for molecular junc-
tions involving two chemicontacts.39 We hope that the results
we have presented in this paper will stimulate and/or be useful
to future experimental studies.
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