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Electronic properties of self-assembled monolayers on Adl1l) studied
by electrical force spectroscopy
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Localized voltage dependent capacitive currents through different self-assembled monolayerd bh Au
surfaces were studied by a spectroscopic method in a modified atomic force microscope that detects surface
potentials an@C/dz data as functions of an applied modulated and biased voltage between tip and sample. On
flame-annealed Au surfaces, th€/dz signal is completely voltage independent. The signal amplitudes on
2-amino-alkanethiol layers change with both ac and dc voltage.dUiez(U,.) 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 Il. ELECTRICAL FORCE SPECTROSCOPY

. . Electrical force microsco EFM) utilizes an atomic
The density of statesDOS) of organic molecules ad- f w9 ( )

bed . Il defined surf has b id Iorce microscope running in dynamic noncontact mode. An
SOrbed on various well delined surfaces has been a WIdeyyjitional alternating voltage is applied between tip and
studied subject over recent decadd@he structure and elec-

' 4 sample and causes a small additional force on the cantilever.
tronic properties of self-assembled monolayd®AM'S)  pye 1o the nonlinear dependence of the force on the voltage,
have been thoroughly investigated by scanning tunneling minyo additional electrical signals can be detected. In Ref. 15,
croscopy STM and atomic force microscopy AFM for an this method was used to generate simultaneously three im-
extensive number of moleculégor example, alkanethiold  ages of a surface. In Ref. 16, a lateral resolution of less than
and xylylthiols® Chemically deposited clusters on SAM’s 10 nm was achieved with this type of EFM. The method is
made of various metals and semiconductors in differentery similar to kelvin force microscopgkFM), which was
size§” were utilized to prepare samples for the investigationsuggested by Nonnenmactetral’ In contrast to KFM, in
of single electron tunneling processes such as CoulomBFM the detected oscillation amplitude at the electrical ex-
blockade and Coulomb staircase effétts. In Ref. 12, the citation frequency is not controlled to zero by an external
DOS of naked gold clusters was numerically calculated as &ias voltage.
function of the cluster size. Among the icosahedral gold In noncontact EFM, the lowest mechanical resondnade
clusters, the Ak cluster is the smallest one with a non- utilized to control the tip-sample distance. The additional
negligible density of states at the Fermi eneffgy. It is  electrical excitation atf; is realized by applying a
unknown how the DOS of the cluster changes if it is sur-Uac-biased alternating voltage with amplitutle,. between
rounded by a ligand shell. tip and sample. Both frequenciésand its second harmonic

In this work, we report with the example of three different 2fc are lower tharf, . The detected signal amplitudes of the
SAM's how electrical force spectroscopy in dynamic non-Ccantilever vibrationX; and X at fc and X, respectively,
contact AFM can be used to describe their electronic beha2€ 9iven by
ior. This investigation might contribute to the comprehension

of the conductivity of molecules, for instance 2-amino- X o0 — 9C(Uqo) U..U 1)
alkanethiols, whose chain-length-dependent adsorption struc- ! 9z de-ac
tures on Aul1l) were investigated in Ref. 3 and whose con-
tact potential differences were observed in Ref. 13:and
Furthermore, this method is an additional approach to inves- )
tigating the electronic structure of ligand stabilized clusters. dC(Ugc) %
The article is organized as follows. In Sec. Il, the basics Xt 0z 4 " )

for the detection of independent electrical signals in noncon-

tact AFM are briefly considered. The sample preparation igoth are proportional to the derivative of the tip-sample ca-
described in Sec. lll. The experimental results obtained omacitance with respect to the distafi@€(U 4¢)/dz]. In most
several samples are presented and qualitatively discussedtip-sample geometriesJC/dz is proportional to the tip-
connection with the expectations derived from model desample capacitanc8(U ) itself. Additionally, X; depends
scriptions in Sec. IV. linearly on the potential differenc& . between tip and
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FIG. 1. Replacement circuits)—(c) and energy diagranisl)—(f) of different tip-sample geometrie@) and(d), metallic sample(b) and
(e), metallic sample with nonmetallic layéfor instance, self-assembled monolayers of 2-amino-ethangttépland (f), ligand stabilized
metal clustergfor instance, Ags clusters stabilized with (§Hs),P(CH,SO;Na); (TPPMS] connected by an organic molecule to the
metallic substrate.

sample. The applied voltadé,. at which X; becomes zero B. Adsorbate layers on Au111)
is given by the work function difference between tip and gq¢ the adsorption of organic molecules or layers of

sample’?® ligand stabilized clusters, two preparation methods are
known. They differ from each other in the adsorption rate.

Ugdx.—o=Ux=— AWa, 3) The fast method increases the adsorption rate by héaing
f e improving the mobility with ultrasound. This special process

. " . of gold cluster adsorption is described in Ref. 9. The slow
if there are no additional voltage sources in the system. In ihod was used. for instance. in Ref. 20. Therein. the

order to detect the electrical signals, two lock-in amplifiersg,mhies are stored for several hours in the adsorbent solution
(Stanford Research SR 8B@ith small bandpasses & and g thoroughly rinsed in the solvent. Analogously, our

2f. were used. As probe tips, V-shaped TiO-coated siliconysmpjes were prepared by dipping the substrate for 24 h in a
cantilevers (MikroMasch") with a force constant of 4 N/m  15-31 5_amino-ethanethiol solution and rinsing in ethanol.

and r(a_sonanc%\jrequencies of approx. 30 kHz were mountefys a4sorption of the ligand stabilized dtclusterd! needs
in a Discoverer” AFM (TopoMetrix Inc). The connections ¢ rther soaking for 24 h in a T8M aqueous cluster solution

fqr the evaluation of the eIegtricaI signa[s are nqt commery 4 rinsing in water. The Rg cluster covered samples were
cial. In spectroscopy modg,4. is swept Whlle the s.|gnale prepared by soaking the 2-amino-ethanethiol covered
andX, are recorded for several modulation amplitutlgs.  Ay(111) for 18 h in an ethanolic solution of R clusters
From the X;(Uyc) data, the work function difference be- ,nq rinsing in ethanol. The composition of the clusters is

tween tip and sample is determined. The information abouk, phPC,H.SO.Na).-Cl. (Ph is phenvl and P H
dCldz is extracted from theX,;(U4.) data, becaus&,; is res%fec[ﬁ/elcj. 6SONa)Cls ( phenyl S095C5H.

independent ofJ 4.

IV. EXPERIMENTAL RESULTS

I1l. SAMPLE PREPARATION
A. Au(11]) In the experiments, we acquired a complete set of
X:(Uqo) data andX,:(U g4 data withU,. as parameter. The
From the literature, various preparation procedures argingle characteristics were very reproducible and show al-
known for an atomically flat AtL11) surface, e.g., stripping  most no noise. In the following, thé,((U4.) data on several
of mica'®*° or flame annealing of evaporated gold films onsamples will be compared and discussed by means of the

glass’ For the present experiments, the flame annealingchematic energy diagrams and replacement circuits in Fig.
method was used. A borosilicate glass was prepared by ring-

ing in ethanol and shorabout 1 min etching in 10% HF
solution to increase the adhesion of the 3 nm Cr lajler
nm/min). This Cr layer and a 100 nm gold fil(30 nm/min
were prepared by thermal evaporation in a high-vacuum HV This investigation was done to confirm the substrate’s
chamber. It proved advantageous to mount the substrates g@mnoperties: monatomic flat terraces of a chemically clean
top of a metal grating about 10 cm above the evaporatoAu(11l) surface. In the AFM under ambient conditions, such
ship. In this way, the condensation heat is conducted througterraces with different lateral dimensions have been found.
the metal grating instead of the glass substrate. In order tBecause of surface contamination in air and diffusion, the
obtain an atomically flat A{i11) surface, the sample was atomic structure of A(L11) is only stable for several hours.
annealed in a reducing butane flame until red heat and When the tip and sample are metallic, the tip-sample ge-
quickly cooled down. ometry can be modeled by an Ohmic resistaR¢®) and a

A. Au(111))—a metallic sample
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FIG. 2. X5:(Uq.) data for different alternating voltage ampli- FIG. 4. X,(Uy,.) data for severaU,,. detected on a 2-amino-
tudesU, detected on a AQ1)) surface 20 min after preparation. gihanethiol layer on AQ1D).

parallel circuited impedance @C(U). The corresponding B. 2-amino-ethanethiol on Au111)

schematic model and energy diagram are drawn in Figs. 1 _ i

and 1d), respectively. Due to the very high carrier concen-  1hin surface layers on a metallic substrate can be de-
tration and carrier mobility in metals, the capacitar@e  Scribed as a series of two capacitan€gsand C,, each of
depends only on the tip-sample geometry. Consequenti{’em parallel to an Ohmic resistanRe andR; as shown in

9Claz is independent of the voltage amplitutle,; as well ~ Fi9s. 1b) and 1g). The index 2 corresponds to the surface
as of Ug.. Thus, X, should be independent df 4. and layer itself, while thfe mdex'l matches the vacuum gap be-

: 2 tween surface and tip. As discussed for the metal sarfle,
proportional toUg,..

Combined tunneling current and force measurements hav@Proaches infinity. Thus, the dc voltage drops mainly over
shown that a significant tunneling current flows only in the™1

repulsive part of the force-distance cuffeln our experi- For a thin (mongmolecular film, the capacitandg, is
ments, no tunneling current was detectable. Therefie, arger thanC,, and the ac voltage drops mainly over the
approaches infinity, and the dc current throughis negli- ~ Smaller capacitanc€,. This is plotted in Fig. (e), where
gible. the dotted(ac and dasheddc) lines show the related poten-

The set ofX,:(U4.) data plotted in Fig. 2 was detected tial decays. The remaining voltade, at the layer surface
about 20 min after flame annealing. Fdr.<1 V, the ex- can be expressed &), with k<1.
pected independence &f,. was found. For larger ampli- For the investigated self-assembled 2-amino-ethanethiol
tudes, a square dependencef: on Uy, might be ob- on Aulll, Uy was about—90 mV. A set of X5¢(Uygc)
served. The effective tip-sample distance is influenced by théata is shown in Fig. 4. The shapes of these curves differ
increased electrical static force, which is proportional togenerally from the characteristics on @a1). The absolute
(U3.+U2/2) % signal amplitude atJy is about four times lower than on

In the X;(Uyq.) data, aUy of about 155-30 mV can be ~ 9old. With increasindJ,. the curves are compressed hori-
estimated. The values of,; at Uy for differentU,, can be ~ zontally (k mcre_ase)s The capacitance maxima marked with
used to verify the quadratic dependenceXgf on U,. In  Solid arrows shift from—2.8 V (U4=0.5 V) to =1.2 V.
Fig. 3, these values are drawn together with a second ordéHac=1.0 V). Simultaneously, the capacitance minima
polynomial fit. The good agreement of data and fit provesdashed arrowsshift from about-4 Vto —1.5 V.
Eq. (2). The X,5:(Uy.) data represent approximately the carrier
density distribution in the surface layer at the enefgy
=Eg+eU,, while U, is a function ofUy. andU,.. From
corresponding points in data taken with differént., a lin-
ear growth ofU, with increasingU,. can be derived. This
1.0 : means thatk also increases linearly with increasing,
within this voltage range.

1.4]
12t Xoe=7.7x10°4 U, 2

0.8

> BetweenU,.=1 V andU,.=1.25 V no further com-
v 0.6] 1 pression occurs. These two characteristics differs from each
0.4t other only by the averaged signal amplitude, ikedoes not
) increase further with increasind .
0.2]
0.0[_, . . . . ] C. Chemically bound P clusters and Auss clusters
02 04 06 08 10 12 on Au(111)

U, [V] - . . . .
* The additional adsorption of ligand stabilized clusters will
FIG. 3. Comparison between thée(U,.) data extracted from result in the case that is drawn in the Fig&)land Xf). Due
the measurement in Fig. 2 and a fit that is proportiondlfp. to the ligand shell around the clusters, two organic layers
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FIG. 5. X5:(Uq.) data for several,. detected on a layer of

Ptyg Clusters on 2-amino-ethanethiol as spacer molecules. FIG. 6. X, (Ugo) data forU,,=1 V detected on a layer of

TPPMS stabilized Agg clusters with 2-amino-ethanethiol as spacer
have to be considered. One corresponds to the spacer maholecules.
ecule together with the ligand shelR{ and C,) and the ) )
other to the ligand shell in the tip directioR{ andCs). This ~ X2i(Uac) data detected witt,c=1 V on TPPMS stabi-
model is very similar to the model used in Ref. 8. lized Auss clusters on 2-amino-ethanethiol. The signal at
The cluster acts as a carrier reservoir. It depends on thedc=0 V is smaller than at voltages aroundl.5 V and

cluster size as well as on the electric fi&@dvhether or not Ihlghedr th%nl.fogud°|>|2'5 V.hOne c;’an cogcluo{e tr}at the
the cluster states can be detected wWith(Uy,) Spectros- igand stabilized Ay clusters have a lower density of states
de at the Fermi energy than away from the Fermi energy.

copy. For smalE, a small cluster contains enough carriers to  |n summary, spectroscopy of the electrical signals in the
compensate charges. An increasecotauses theX,(Uy)  AFM seems to be suitable to investigate the local electronic
data to reflect the energy-dependent density of states insid@operties of surfaces as known from scanning tunneling
the cluster as long as the cluster is large enough. If the cluspectroscopy. The discussion with comparison to several en-
ter is too small, more spacer properties will be reproduced irgy diagrams shows that the dc-voltage-dependent charac-
the X,;(Uq4c) data. teristics should be an indirect measure of the energy-
The results for Rp, clusters were obtained within the first deépendent density of states in self-assembled monolayers.
15 min after preparation. This is shown in Fig. 5. One note2U€ (0 the distance-dependent ratio between tip-surface re-
that the outline of the characteristics is less dependent Oﬁlstancg and layer resistance, the exact energy scale cannot
U, than theX,;(Uy.) data in Fig. 4. Using the model from € obtained. On 2-amino-alkanethiol layers, the scaling fac-
Fig. 1(c), one can conclude that the relation betwégrand tor b(a_nN§en the app“ed, VOItaqédC and the spectroscopy
(R, +Rs) is approximately independent bk, This is only level U, increases with increasing . as long adJ,. does

ossible if the cluster contains enough free carriers to pro?t €xceed LV, . . .
b g P The additional adsorption of ligand stabilized clusters

vide the necessary curretis almost constant. One detects lead I hat has b h hlv i . d
two minima atUg=—12 V+0.35 V andUg=1.0 V €& s to a sample type that has been thoroughly investigate

+0.35 V. Uniformly for all U, the signals aroun&, are py ST™M pre.vpusly. There, the_ cluster acts as a fL!rther car-
higher than away fronk . rier reservoir in a doubl_e barrier system. In electrlc:_:ll for(_:e
Uy varies between-400 mV and 80 mV. Comparing spectroscopy, the electrical properties of the cluster itself in-

L s : luence the detected,:(U4.) data. The two tested cluster
data taken in different sweep directions, a charging of thet 2f\~do/ - .
cluster compared to the substrate can be observed. If t pes (Pdo and Ausg) show different behavior around the

sweep starts at negative tip voltages, the cluster is negative ermi energyEg. The smaller Als clusters. hgve a de-
charged compared to the sample. Its energetic position i feas.ed DOS. arourigk: , while the DOS of Pjgois increased
shifted to positive potentials. If the discharging is slower@t Er in relation to states away frof .
than the tip potential sweep, the cluster is still negatively
charged if the tip potential crossés; ;=0 V. The maxi-
mum signal is detected &ty .= —0.3 V for all U,.. Start- Two authors of this workF.M. and A.-D.M) were sup-
ing at positive voltages, the same maximum is found aported by the Deutsche Forschungsgemeinsdiisf 2/B3
U4.=0.05 V. A dependence of this charging effectdp.  and Graduiertenkolleg “Thin Films and Non-Crystalline
has not been found. Materials”). This is gratefully acknowledged, as is the sci-
In comparison to the large 4 clusters, Ags clusters  entific cooperation with the members of Professor Schmid'’s
show a completely different behavior. Figure 6 showsgroup.
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