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H. Klein™, N. Battaglini, B. Bellini, Ph.Dumas

GPEC UMR CNRS 6631, Case 901, Faculté des Sciences de Luminy, F-13288 Marseille Cedex 9, France

Abstract

Mixed self-assemblednonolayerdSAMs) consistingof n-alkylthiol and /or11-mercaptol-undecanate producedand investigated
by ScanningTunnelling Microscopy (STM) in picoampereregime. Such systemsallow the creationof surfaceswith tuned chemical
propertiesWe investigateboth the qualitiesof the organicfilms andtheir electrontransportpropertiesWe evidencea contactregimeand
measurdahe decaylengthsbothin the film andin the tunnellinggap.
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1. Introduction properties( e.g. electronic of isolated specific molecules
[9,10. Before such study, it is of prime importance to
Self-assembled monolayefs SAMs are molecular mo- harvest a good knowledge of the properties of the matrix,
nolayers chemically bonded to a substrate. They are spon-and more particularly, its electronic properties. Several
taneously formed during the immersion of a substrate in a stydies reported electron tunnelling through isolated
solution of surfactant molecules. Their formation can be moleculeq 11,1p or through SAMs 1315 .
viewed as a two-step process: chemical bonding of the | this study, we report on the formation and STM
molecules to the surface, followed by self-assembly ghservations of mixed SAM&-alkylthiols) with n = 8 or
favoured by thermal diffusion and van der Waals interac- 10 and 11-mercaptol-undecanol , and address some opened

tions[ 1 . The relatively easy chemical preparation of SAMs questions related to electron transfer through such insulat-
results in ultra-thin films( typical thickness around 10 A . ing organic films.

Among the many systems that can lead to SAMs] 2,3,
n-alkylthiols (CH;« CH,),,_, —SH on gold are the most
studied ones. Indeedy-alkylthiol SAMs on AW 112 are
the prototype SAM exhibiting a good crystalline quality
and a long-term chemical stability. Scanning Probe Mi-
croscopy is a first class tool for surface analysis at the
nanometric scale and is thus suitable for SAMs studies. In
particular, Scanning Tunnelling Microscogdy STM was
successfully applied to organic alkylthiol systems on gold
down to molecular resolutioh ]4 . Once formed, the struc-
ture of the SAMs is not frozen. It was shown that the
exchange between molecules grafted onto the surface an
the molecules in solution was possible with 5,6 or with-
out[7] an intentional externally applied force. This feature
can be used to chemically functionalize SAMs in order to
build new structures with novel propertiés e.g. Hel) 8 .
These processes lead to mixed SAMs exhibiting domains
of two different chemical properties. Moreover, SAMs’ 2D
crystals can be used as a matrix for the study of the

2. Experimental
2.1. SAMs elaboration

N-alkylthiol SAMs are grafted onto thin Au 1)1 films
evaporated on mica. SAMs elaboration is achieved by
immersing fresh gold substrates in TOM solutions of
alkylthiols in dichloromethane or absolute ethanol for at
Aeast 2 h. Samples are then extensively rinsed successively
with ethanol and dichloromethane and dried under nitrogen
flow prior to STM imaging. The detailed procedure of the
sample preparation is described elsewHer¢ 16 .

We have prepared mixed SAMs using two methods:
either by immersing gold surfaces in solutions with various
ratios of the two components, or by immersing an octa- or
a decanethiol SAM in millimolar solutions of the other
component( 11 mercaptol-undecanol for this sjudy . We
favour the first method for two components with similar
~ " Corresponding author. chemical properties and the second one when molecules
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2.2. STM

STM imaging in constant current mode is performed in

spacing of 0.5 nm, which is in good agreement with the
structural data. The structure of these SAMs observed
by STM has been extensively discussed in the literature

ambient conditions or in decane. Our experimental setup[18—-24 .

allows regulation currents down to 0.5 pA. STM tips are
prepared by cutting Pt/I¢f 80:20 wires with diameters of
0.25 mm. Due to the strong insulating nature of alkylthiol

Following the protocol described in the Experimental
section, we have elaborated mixed SAMs consisting of
molecules with identical end-groups but different chain

moleculeq saturated carbon chains with a HOMOMO lengths, namelyn-alkylthiols octanethion =8) and de-
gap around 9 e\l P} , STM imaging on alkylthiol films is  canethiol(n = 10). The upper image of Fig. 2 presents the
only possible with a tunnel resistance in the teraohm range.STM image( scan size: 25X625.6 nnt , z scale: 1 nm
I(z) data presented in this study was recorded by measur-recorded on the SAM of octane and decanethiol prepared
ing on STM images the height variation related to a by immersing a gold surface in a solution containing
change in the regulation tunnelling current. This proce- octanethiol /decanethi¢l 99:1 at a total concentration of 1
dure, which has to be repeated for each data poirit oJ, mM in absolute ethanol for 12 h. On this image, we clearly
is relatively lengthy but averages height measurements ondifferentiate short and long alkylthiol chains identified as
image cross-sections leading to good statistics. bright spots. The surface is covered by 10% of the de-
canethiol, while the ratio in the solution is 1%. This is in
agreement with the fact that chains with different lengths
and /or different chemical end-groups have different ad-
sorption kinetics] 1,8,25 , leading to complicated self-as-
sembly mechanismis 6,26 .

We measure the height difference between short and
Our main goal is the elaboration of mixed SAMs with long chains of 1.A 0.2 A to compare to the known
tuned chemical properties. Since STM is not a chemical structural height difference of 2.2 A assuming that the

probe, we must separate the topographic signature of anmolecules are inall trans zigzag configuration and are
isolated molecule from the unavoidable defects of a good tilted 30°to the normal of the surfade D7 .

quality mono-component SAM, as the one presented in  The two bottom images of Fig. 2 illustrate that the
Fig. 1. This image recorded on a decanethiol film shows observed STM contrast is strongly dependent on the tun-
that the SAM consists of ordered molecular domains sepa-nelling parameters. We observe a contrast between short
rated by defects. In ordered molecular domains, alkyl and long chains while tunnelling with a current of 2 pA
chains mainly exhibit a compact hexagor@l x3/3) (Fig. 2a . This contrast disappears for a tunnelling current
R30° overlayer of the At 111( X 1) surface, as reported increased up to 10 pA image b . This effect recorded on
first by Widrig et al.[ 17 . We measured an intermolecular the same area of the mixed SAM is reversible and cannot
be attributed to a tip change.

Mixed SAMs of decanethiol and 11-mercaptol-unde-
canol (an alcohol-ended 11-alkylthiol chain exhibit the
same general trends while offering local chemical func-
tionalization. These samples were prepared by immersing
freshly prepared decanethiol SAMs in a 1 mM solution of
1-mercaptol-undecanol for 1 h. Fig. 3 presents a typical
STM image obtained with a tunnelling current of 2 pA.
Alcohol termination is interesting from a chemical point of
view because such end-group is suitable for the selective
grafting of complex chemical groups onto the top of the
SAM.

These experiments prove that it is possible to isolate
and observe molecules in a matrix, but they pose the
guestion of the origin of the STM contrast on such insulat-
ing samples.

3. STM results

3.1. STM images

3.2. STM contrast

A simple assumption about the electron transfer through
an organic-insulating SAM would be that electrons are
tunnelling directly from one metallic electrode to the other

Fig. 1. Typical STM image obtained on a decanethiol SAM orf Au)111 .
Scan size: 51.2x51.2 fmV, = —0.9 V, |, = 2 pA.



Fig. 2. Top: STM image obtained on a mixed SAM of decanethiol and octanethiol 6n Au 111 . Scan size2866nnt V, = —0.9 V, |, =2 pA. The
height difference between long and short chains ist1072 A. Bottom: The influence of tunnelling parameters on the observed contrast is clear when
considering imageé )a ard) b recorded on the same area of the surface. Scan sizet218.8nf ,V,= —0.9 V, |, = 2 pA for (a) and 10 pA fol b .

one. Within this framework, the alkyl part of the organic height difference can now be compared to the known
chains does not even modulate the electron tunnelling structural height difference of 2.2 A that would be mea-
through the gap and does not contribute to the contrastsured for a perfectly conducting layer. To analyse quantita-
mechanism. The contrast of the STM images would thus tively these data, following Bumm et dl. 28, we apply a
be dominated by the HOMO and LUMO orbitals contribu- model of a tunnel junction described by two layers in
tion, mainly located on the sulphur atoms. However, this series. One layer is the alkylthiol film and the other one is
simple assumption is not supported by the STM images the air or the decane gap. The transconductdb@ross
presented in Figs. 2 and 3, while we clearly recognise two each layeri is G, =Aexp (—«;d;) where A, is the
types of chains. Indeed, we recognise two different lengths contact conductancey; is the decay constant, and| is
(n=8, 10 or 12 whatever the chemical end-groups the thickness of the considered layer. The total transcon-
(methyl or alcohal might be. This shows that the so-called ductance is the product of the individual transconductance:
insulating part of the alkylthiol molecules plays a role in = Gy = Gy Ggap IN this framework, a simple treatment of
the electron transfer from the surface to the tip. Moreover, a mixed SAM composed of alkyl chains of different
the experimental height difference between the octanelengths leads to:

matrix and the isolated decanethiol chains is far from

being negligible and was measured to be around 1.7 A. ARy = Agm (1 @im / Ogap) @)
This highlights the contribution of electron transfer through where Ahg, is the experimentally measured height dif-
the alkyl part of the chains. This experimentally measured ference between long and short chains, axd,,, is the



known structural height difference. The analysis of the
data allows the determination of the ratio of the decay
lengths agp, / agap = 0.23. This model provides an expla-
nation of the observed contrast and contributes to our
understanding of the electron transfer through the organic
layer. As shown hereaftet(z) spectroscopy is a comple-
mentary way towards the knowledge of the electron trans-
fer.

3.3. 1(2) measurements on decanethiol SAM

Experiments were conducted in decane, a highly insu-
lating liquid, to prevent instabilities due to the changes in
the composition of the tunnelling gap. To avoid difficulties
related to the interruption of the regulation lodjz) data
were recorded as explained in the Experimental section.
Keeping the tip bias equal te- 900 mV and the regulation
loop always active, sequencely (2 pA) =1 —1, are
repeated for different values df (between 1 and 40 pA .
For each valud, we measure the associated height varia-
tion A,(1). Data are then represented by plottihgA,).

Fig. 4 shows two typical sets of data measured with two
different tips on a decanethiol SAM. The reproducibility of

10
1(pA)

i -2.5

A,(4)
Fig. 4. 1(A,) measurements performed in decane on decanethiol SAM
with two different tips. Thel(4,) spectroscopy exhibits an exponential
decay ofl with A, at large distances and a singularity around 10 pA.
The observed singularity corresponds to the point contact when the tip
skims the top of the organic layer. The solid line is a plot féfk) =
Aexp(— a4,) for @ = 0.97.

on conjugated thiols. Though the tip interacts with the
organic layer for the tunnelling current above 10 pA, this
interaction does not damage the surface, and molecular
resolution images can still be obtained for currents up to

the curves demonstrates that the effects are insensitive t&60 pA. The analysis of the evolution of the images while

the tip shape. The(z) spectroscopy exhibits an exponen-
tial decrease ofl with A, at a large distance and a
singularity around | =10 pA. The large distance be-
haviour is due to the well-known exponential dependence
of the tunnel current with the inter-electrode distance. We
assign the observed singularity to the point contact when
the tip skims the top of the organic layer. A similar
behavior has recently been reported by Salmeron ¢t dl. 14
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Fig. 3. STM image obtained on a mixed SAM decanethiol and mercapto
undecanol on AU 101 . Scan size: 25.6X25.6°nk = —0.9 V, |, =2
pA.

increasing the regulation current in this interacting regime
is beyond the scope of this communication and will be
discussed elsewhere. True non-contact tunnelling is thus
only attainable for tunnel impedance greater than 1@D. G
The determination of the point contact allows the evalua-
tion of the altitude at which the tip flies over the organic
layer. For a decanethiol layer and our typical operating
conditions(I =2 pA andV= —900 mV), this value is
1.5+ 0.5 A. Though the number of points is limited, from
the exponential decay of thi 4,) curve, we estimate the
decay constant of the tunnelling gag;,, = 1 A~1. Then,
from Eq. (D, we calculate the decay constant of the
organic film ay,, =0.2 A~1. These experimental values
are in discrepancy with the calculated values reported in
Ref.[29, which also forecasts a contact point but for 10
times lower tunnelling impedances. Further experimental
evidences of this behavior are needed and are currently
investigated to reach a deeper understanding of electron
transport through organic molecules.

4, Conclusion

We have produced and imaged mixed SAMs with an
STM in the picoampere regime. These mixed SAMs con-
sist of n-alkythiols (n=8,10 and 11-mercaptol-unde-
canol. The observed STM contrast of mixed SAMs is
explained by the model with two tunnel barriers in series.
I(z) spectroscopic data evidence a transition to a contact
regime for currents higher than 10 pA. The determination
of the absolute tip /sample distance leads to a value of 1.5
A lower than published theoretical expectations. This work



contributes to an improved knowledge of the electron
transport through organic films at the nanometric scale.
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