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Electronic properties of self-assembled monolayers on Au„111… studied
by electrical force spectroscopy
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Localized voltage dependent capacitive currents through different self-assembled monolayers on Au~111!
surfaces were studied by a spectroscopic method in a modified atomic force microscope that detects surface
potentials and]C/]z data as functions of an applied modulated and biased voltage between tip and sample. On
flame-annealed Au surfaces, the]C/]z signal is completely voltage independent. The signal amplitudes on
2-amino-alkanethiol layers change with both ac and dc voltage. The]C/]z(Udc) data obtained represent the
energy-dependent density of states of the investigated surface layer. Moreover, the charges of ligand stabilized
clusters and the dependence of the clusters’ electrical properties on their size were reproduced. The results are
discussed in connection with schematic energy models and replacement circuits.
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I. INTRODUCTION

The density of states~DOS! of organic molecules ad
sorbed on various well defined surfaces has been a wi
studied subject over recent decades.1 The structure and elec
tronic properties of self-assembled monolayers~SAM’s!
have been thoroughly investigated by scanning tunneling
croscopy STM and atomic force microscopy AFM for a
extensive number of molecules,2 for example, alkanethiols3,4

and xylylthiols.5 Chemically deposited clusters on SAM
made of various metals and semiconductors in differ
sizes6,7 were utilized to prepare samples for the investigat
of single electron tunneling processes such as Coulo
blockade and Coulomb staircase effects.8–11 In Ref. 12, the
DOS of naked gold clusters was numerically calculated a
function of the cluster size. Among the icosahedral g
clusters, the Au55 cluster is the smallest one with a no
negligible density of states at the Fermi energyEF . It is
unknown how the DOS of the cluster changes if it is s
rounded by a ligand shell.

In this work, we report with the example of three differe
SAM’s how electrical force spectroscopy in dynamic no
contact AFM can be used to describe their electronic beh
ior. This investigation might contribute to the comprehens
of the conductivity of molecules, for instance 2-amin
alkanethiols, whose chain-length-dependent adsorption s
tures on Au~111! were investigated in Ref. 3 and whose co
tact potential differences were observed in Ref.
Furthermore, this method is an additional approach to inv
tigating the electronic structure of ligand stabilized cluste

The article is organized as follows. In Sec. II, the bas
for the detection of independent electrical signals in nonc
tact AFM are briefly considered. The sample preparation
described in Sec. III. The experimental results obtained
several samples are presented and qualitatively discuss
connection with the expectations derived from model
scriptions in Sec. IV.
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II. ELECTRICAL FORCE SPECTROSCOPY

Electrical force microscopy14 ~EFM! utilizes an atomic
force microscope running in dynamic noncontact mode.
additional alternating voltage is applied between tip a
sample and causes a small additional force on the cantile
Due to the nonlinear dependence of the force on the volta
two additional electrical signals can be detected. In Ref.
this method was used to generate simultaneously three
ages of a surface. In Ref. 16, a lateral resolution of less t
10 nm was achieved with this type of EFM. The method
very similar to kelvin force microscopy~KFM!, which was
suggested by Nonnenmacheret al.17 In contrast to KFM, in
EFM the detected oscillation amplitude at the electrical
citation frequency is not controlled to zero by an extern
bias voltage.

In noncontact EFM, the lowest mechanical resonancef r is
utilized to control the tip-sample distance. The addition
electrical excitation at f c is realized by applying a
Udc-biased alternating voltage with amplitudeUac between
tip and sample. Both frequenciesf c and its second harmoni
2 f c are lower thanf r . The detected signal amplitudes of th
cantilever vibrationXf andX2 f at f c and 2f c , respectively,
are given by

Xf}2
]C~Udc!

]z
UdcUac ~1!

and

X2 f}
]C~Udc!

]z

Uac
2

4
. ~2!

Both are proportional to the derivative of the tip-sample c
pacitance with respect to the distance@]C(Udc)/]z#. In most
tip-sample geometries,]C/]z is proportional to the tip-
sample capacitanceC(Udc) itself. Additionally, Xf depends
linearly on the potential differenceUdc between tip and
©2001 The American Physical Society03-1
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FIG. 1. Replacement circuits~a!–~c! and energy diagrams~d!–~f! of different tip-sample geometries.~a! and~d!, metallic sample.~b! and
~e!, metallic sample with nonmetallic layer~for instance, self-assembled monolayers of 2-amino-ethanethiol!. ~c! and ~f!, ligand stabilized
metal clusters@for instance, Au55 clusters stabilized with (C6H5)2P(C6H4SO3Na)3 ~TPPMS!# connected by an organic molecule to th
metallic substrate.
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sample. The applied voltageUdc at whichXf becomes zero
is given by the work function difference between tip a
sample,15

UdcuXf505UK52
DWa

e
, ~3!

if there are no additional voltage sources in the system
order to detect the electrical signals, two lock-in amplifie
~Stanford Research SR 830! with small bandpasses atf c and
2 f c were used. As probe tips, V-shaped TiO-coated silic
cantilevers (MikroMaschTM) with a force constant of 4 N/m
and resonance frequencies of approx. 30 kHz were mou
in a DiscovererTM AFM ~TopoMetrix Inc.!. The connections
for the evaluation of the electrical signals are not comm
cial. In spectroscopy mode,Udc is swept while the signalsXf
andX2 f are recorded for several modulation amplitudesUac .
From the Xf(Udc) data, the work function difference be
tween tip and sample is determined. The information ab
]C/]z is extracted from theX2 f(Udc) data, becauseX2 f is
independent ofUdc .

III. SAMPLE PREPARATION

A. Au„111…

From the literature, various preparation procedures
known for an atomically flat Au~111! surface, e.g., stripping
of mica18,19 or flame annealing of evaporated gold films
glass.4 For the present experiments, the flame annea
method was used. A borosilicate glass was prepared by
ing in ethanol and short~about 1 min! etching in 10% HF
solution to increase the adhesion of the 3 nm Cr layer~1
nm/min!. This Cr layer and a 100 nm gold film~30 nm/min!
were prepared by thermal evaporation in a high-vacuum
chamber. It proved advantageous to mount the substrate
top of a metal grating about 10 cm above the evapora
ship. In this way, the condensation heat is conducted thro
the metal grating instead of the glass substrate. In orde
obtain an atomically flat Au~111! surface, the sample wa
annealed in a reducing butane flame until red heat
quickly cooled down.
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B. Adsorbate layers on Au„111…

For the adsorption of organic molecules or layers
ligand stabilized clusters, two preparation methods
known. They differ from each other in the adsorption ra
The fast method increases the adsorption rate by heating4 or
improving the mobility with ultrasound. This special proce
of gold cluster adsorption is described in Ref. 9. The sl
method was used, for instance, in Ref. 20. Therein,
samples are stored for several hours in the adsorbent solu
and thoroughly rinsed in the solvent. Analogously, o
samples were prepared by dipping the substrate for 24 h
1023M 2-amino-ethanethiol solution and rinsing in ethan
The adsorption of the ligand stabilized Au55 clusters21 needs
further soaking for 24 h in a 1026M aqueous cluster solution
and rinsing in water. The Pt309 cluster covered samples wer
prepared by soaking the 2-amino-ethanethiol cove
Au~111! for 18 h in an ethanolic solution of Pt309 clusters
and rinsing in ethanol. The composition of the clusters
Au55(Ph2PC4H6SO3Na)12Cl6 ~Ph is phenyl! and Pt309SO3H,
respectively.

IV. EXPERIMENTAL RESULTS

In the experiments, we acquired a complete set
Xf(Udc) data andX2 f(Udc) data withUac as parameter. The
single characteristics were very reproducible and show
most no noise. In the following, theX2 f(Udc) data on severa
samples will be compared and discussed by means of
schematic energy diagrams and replacement circuits in
1.

A. Au„111…—a metallic sample

This investigation was done to confirm the substrat
properties: monatomic flat terraces of a chemically cle
Au~111! surface. In the AFM under ambient conditions, su
terraces with different lateral dimensions have been fou
Because of surface contamination in air and diffusion,
atomic structure of Au~111! is only stable for several hours

When the tip and sample are metallic, the tip-sample
ometry can be modeled by an Ohmic resistanceR(U) and a
3-2
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parallel circuited impedance 1/vC(U). The corresponding
schematic model and energy diagram are drawn in Figs.~a!
and 1~d!, respectively. Due to the very high carrier conce
tration and carrier mobility in metals, the capacitanceC1
depends only on the tip-sample geometry. Conseque
]C/]z is independent of the voltage amplitudeUac as well
as of Udc . Thus, X2 f should be independent ofUdc and
proportional toUac

2 .
Combined tunneling current and force measurements h

shown that a significant tunneling current flows only in t
repulsive part of the force-distance curve.22 In our experi-
ments, no tunneling current was detectable. Therefore,R1
approaches infinity, and the dc current throughR1 is negli-
gible.

The set ofX2 f(Udc) data plotted in Fig. 2 was detecte
about 20 min after flame annealing. ForUac<1 V, the ex-
pected independence ofUdc was found. For larger ampli
tudes, a square dependence ofX2 f on Udc might be ob-
served. The effective tip-sample distance is influenced by
increased electrical static force, which is proportional
(Udc

2 1Uac
2 /2).23

In the Xf(Udc) data, aUK of about 155630 mV can be
estimated. The values ofX2 f at UK for different Uac can be
used to verify the quadratic dependence ofX2 f on Uac . In
Fig. 3, these values are drawn together with a second o
polynomial fit. The good agreement of data and fit prov
Eq. ~2!.

FIG. 2. X2 f(Udc) data for different alternating voltage ampl
tudesUac detected on a Au~111! surface 20 min after preparation

FIG. 3. Comparison between theX2 f(Uac) data extracted from
the measurement in Fig. 2 and a fit that is proportional toUac

2 .
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B. 2-amino-ethanethiol on Au„111…

Thin surface layers on a metallic substrate can be
scribed as a series of two capacitancesC1 and C2, each of
them parallel to an Ohmic resistanceR1 andR2 as shown in
Figs. 1~b! and 1~e!. The index 2 corresponds to the surfa
layer itself, while the index 1 matches the vacuum gap
tween surface and tip. As discussed for the metal sampleR1
approaches infinity. Thus, the dc voltage drops mainly o
R1.

For a thin ~mono!molecular film, the capacitanceC2 is
larger thanC1, and the ac voltage drops mainly over th
smaller capacitanceC1. This is plotted in Fig. 1~e!, where
the dotted~ac! and dashed~dc! lines show the related poten
tial decays. The remaining voltageŪ2 at the layer surface
can be expressed askUdc with k,1.

For the investigated self-assembled 2-amino-ethanet
on Au~111!, UK was about290 mV. A set of X2 f(Udc)
data is shown in Fig. 4. The shapes of these curves d
generally from the characteristics on Au~111!. The absolute
signal amplitude atUK is about four times lower than on
gold. With increasingUac the curves are compressed ho
zontally (k increases!. The capacitance maxima marked wi
solid arrows shift from22.8 V (Udc50.5 V) to 21.2 V
(Udc51.0 V). Simultaneously, the capacitance minim
~dashed arrows! shift from about24 V to 21.5 V.

The X2 f(Udc) data represent approximately the carr
density distribution in the surface layer at the energyE

5EF1eŪ2, while Ū2 is a function ofUdc and Uac . From
corresponding points in data taken with differentUac , a lin-
ear growth ofŪ2 with increasingUac can be derived. This
means thatk also increases linearly with increasingUac
within this voltage range.

BetweenUac51 V and Uac51.25 V no further com-
pression occurs. These two characteristics differs from e
other only by the averaged signal amplitude, i.e.,k does not
increase further with increasingUac .

C. Chemically bound Pt309 clusters and Au55 clusters
on Au„111…

The additional adsorption of ligand stabilized clusters w
result in the case that is drawn in the Figs. 1~c! and 1~f!. Due
to the ligand shell around the clusters, two organic lay

FIG. 4. X2 f(Udc) data for severalUac detected on a 2-amino
ethanethiol layer on Au~111!.
3-3
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have to be considered. One corresponds to the spacer
ecule together with the ligand shell (R2 and C2) and the
other to the ligand shell in the tip direction (R3 andC3). This
model is very similar to the model used in Ref. 8.

The cluster acts as a carrier reservoir. It depends on
cluster size as well as on the electric fieldĒ whether or not
the cluster states can be detected withX2 f(Udc) spectros-
copy. For smallĒ, a small cluster contains enough carriers
compensate charges. An increase ofĒ causes theX2 f(Udc)
data to reflect the energy-dependent density of states in
the cluster as long as the cluster is large enough. If the c
ter is too small, more spacer properties will be reproduce
the X2 f(Udc) data.

The results for Pt309 clusters were obtained within the firs
15 min after preparation. This is shown in Fig. 5. One no
that the outline of the characteristics is less dependen
Uac than theX2 f(Udc) data in Fig. 4. Using the model from
Fig. 1~c!, one can conclude that the relation betweenR2 and
(R11R3) is approximately independent ofUac . This is only
possible if the cluster contains enough free carriers to p
vide the necessary current.k is almost constant. One detec
two minima at Udc521.2 V60.35 V and Udc51.0 V
60.35 V. Uniformly for all Uac the signals aroundEF are
higher than away fromEF .

UK varies between2400 mV and 80 mV. Comparing
data taken in different sweep directions, a charging of
cluster compared to the substrate can be observed. If
sweep starts at negative tip voltages, the cluster is negati
charged compared to the sample. Its energetic positio
shifted to positive potentials. If the discharging is slow
than the tip potential sweep, the cluster is still negativ
charged if the tip potential crossesUdc50 V. The maxi-
mum signal is detected atUdc520.3 V for all Uac . Start-
ing at positive voltages, the same maximum is found
Udc50.05 V. A dependence of this charging effect onUac
has not been found.

In comparison to the large Pt309 clusters, Au55 clusters
show a completely different behavior. Figure 6 sho

FIG. 5. X2 f(Udc) data for severalUac detected on a layer o
Pt309 clusters on 2-amino-ethanethiol as spacer molecules.
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X2 f(Udc) data detected withUac51 V on TPPMS stabi-
lized Au55 clusters on 2-amino-ethanethiol. The signal
Udc50 V is smaller than at voltages around61.5 V and
higher than foruUdcu>2.5 V. One can conclude that th
ligand stabilized Au55 clusters have a lower density of stat
at the Fermi energy than away from the Fermi energy.

In summary, spectroscopy of the electrical signals in
AFM seems to be suitable to investigate the local electro
properties of surfaces as known from scanning tunne
spectroscopy. The discussion with comparison to several
ergy diagrams shows that the dc-voltage-dependent cha
teristics should be an indirect measure of the ener
dependent density of states in self-assembled monolay
Due to the distance-dependent ratio between tip-surface
sistance and layer resistance, the exact energy scale ca
be obtained. On 2-amino-alkanethiol layers, the scaling f
tor between the applied voltageUdc and the spectroscop
level Ū2 increases with increasingUac as long asUac does
not exceed 1 V.

The additional adsorption of ligand stabilized cluste
leads to a sample type that has been thoroughly investig
by STM previously. There, the cluster acts as a further c
rier reservoir in a double barrier system. In electrical for
spectroscopy, the electrical properties of the cluster itself
fluence the detectedX2 f(Udc) data. The two tested cluste
types (Pt309 and Au55) show different behavior around th
Fermi energyEF . The smaller Au55 clusters have a de
creased DOS aroundEF , while the DOS of Pt309 is increased
at EF in relation to states away fromEF .
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FIG. 6. X2 f(Udc) data for Uac51 V detected on a layer o
TPPMS stabilized Au55 clusters with 2-amino-ethanethiol as spac
molecules.
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