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on Gold: A Scanning Tunneling Microscopy Study on the
Modification of Substrate Morphology
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W-6900Heidelberg, Federal Republic of Germany
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Single-crystalAu(ll1) surfaces covered with self-assembledmonolayers of n-alkanethiols (CH&H2)w~SH)
(n = 6, 22) are investigated with scanning tunneling microscopy. After adsorption new morphclogical
features are observed which can be shown to originate from a removal of 3&60% of a monolayer of Au
atoms from the surface into the solution. Only a very low concentration of defecta within the films
("pinholes") was observed. In addition experimental evidence for two different tunneling mechanisms in
short and long alkyl chains is provided.

The formation of self-organizing films of n-alkanethiols
by immersing a gold surface in a saturated solution of
thiols in ethanol has recently attracted considerable
interest.' The spontaneous self-organization leads to a
formation of well-ordered films of molecules, where the
alkyl chains are inclined with respectto the surfacenormal
by 3 5 O , as determined with infrared spectroscopy2and
NEXAFS (near edge X-ray absorption fine structure)
spectroscopy.3 Diffraction experiments415indicated the
presence of lateral order with a d 3 X d 3 periodicity.The
same periodicityis also visible in previous STM (scanning
tunnelingmicroscopy)and AFM (atomicforce microscopy)
data!,' which is most presumably due to an imaging of the
S atoms bonding to the substrate as the methyl end groups
of the alkyl chains, which form the film-air (or filmvacuum) interface, are thermally strongly disordered at
room temperat~re.~
Sofar the main interest has been devotad to the structure
and the temperature behavior of these films, whereas the
process of self-assembly itself has been the subject of very
few experiments. From results obtained by SAW (surface
acoustic wave) devices,8 SHG (second harmonic generation), and XPS (X-ray photoelectron spectroscopy)analysis? it has been concluded that the adsorption process
can be described by a Langmuir kinetics. Recent measurements using NEXAFS indicate, however, that the
process of self-assembly involves additional time-dependent ordering processes.'O
The purpose of the present study is the investigationof
the surfacemorphologyof the self-assembledfilmsby STM
in air with a special emphasis on the search for defects in
these films ("pinholes"). Figure 1shows a typical image
of a gold single crystal (111)-surfacewith a self-assembled
monolayerll of docosanethiol (MC22) on a scale of 1350
~~~~
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A X 675 A. We clearly observe typical substrate defects
such as steps. The most prominent features are, however,
depressionsof circular shape of about 20-60 A in diameter
and a depth of -2.5 A (equal to the step height of the
substrate), which are not observed on the clean surface
(see inset Figure 1). We never did observe periodic
structures, which are not expected in the case of nondestructive imaging of the thiol film, since it is known that
the ends of the alkyl chains are strongly disordered at
room temperat~re.~
Before we proceed with an interpretation of the data
shown in Figure 1, we have to address the question of the
imaging mechanism for the long alkyl chains in the STM
and whether a nondestructive imaging of these films is
possible. Figure 2 shows an area of the Au(ll1)-surface
covered with MC22 (imaged with 0.5 nA), part of which
had been imaged before with a current of 7 nA. Clearly
the first imaging process has created irregular-shaped
defects with varying depths. By repeating this process on
different places it was found that for the long alkyl chains
(22 carbons)high currents (I > 2 nA) induced large defects
and created deep depressions with depths up to the film
thickness (25A for MC22). For tunneling conditionsusing
small currents and voltages (I< 0.5 nA and V < 200 mV),
defects caused by the imaging process could not be
observed in subsequent images.
Images taken with roughly the same tunneling parameters as in Figure 1but for a n-alkanethiol with six carbons
(not shown) looked virtually identical to the image shown
in Figure 1. In this case no tip-induced defects like the
ones shown in Figure 2 were observed. This is in agreement
with expectation since the conductivity of the short alkyl
chain should be sufficiently high to allow for an undisturbed imaging process. Ethylidyne on Pt(ll1) (corresponding to a two-carbonatom chain)has been successfully
imaged with STM.l2
Although more systematic studies are needed to obtain
a better understanding on the conduction mechanism in
the long alkyl chains in STM, we can conclude that an
imaging of the morphology of a gold-surface covered with
a monolayer of n-alkanethiols with STM is possible,
provided that the tunneling current is sufficiently small.
We currently believe that the Poole-Frenkel effectla (field
enhanced thermal excitation of trapped electronsinto the
(11) The Au(ll1) single crystal was flame-annealed at 800 'C and
immersed in a 1 mM solution of docoeanethiol in ethanol for 24 h. Without
further preparation the STM measurements were done in air with Pt/Ir
tips.
(12) Land, T.; Michely, T.; Behm, R. J.; Hemminger, J. C.; Coma, G.
Appl. Phys. A 1991,53, 414.
(13)Mead, C. A. Phys. Reu. 1962,118, 2088.
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Figure 1. STM image of an Au(ll1) single crystal surface with a self-assembledmonolayer of docosanethiol: tunneling parameters,
1350 A

X

675 A; current, 0.2 nA, tip voltage, 200 mV. The inset shows an area of the clean Au(ll1) surface before adsorption.

Figure 2. Region of the self-assembled monolayer which had been imaged before with 7 nA (see text): tunneling parameters, 900

A x 450 A; current, 0.5 &I

tip voltage, 100 mV.

conduction band) may provide a possible explanation for
this observation. At higher currents we observe the
creation of defects in a monolayer of long (22 carbon)thiols
with a maximum depth corresponding to the total thickness of the film in agreement with the results of Kim and
Bard.14 The absence of this sensitivity for short alkyl

chains (sixcarbon) indicates the presence of two different
tunneling (or conduction) mechanisms for different chain
lengths.
These observations also lead us to interprets the
previously published STM6 and probably also AFW
images of periodic structures on substrates covered with
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Figure 3. STM image of an Au(ll1) single crystal surface with a self-assembledmonolayer of docosanethiol: tunneling parameters,
1200 A X 600 A; current, 4 nA; tip voltage, 800 mV.

thiol films as a result of imaging the periodic overlayer of
the S atoms. This requiresa deep penetration of the STM
(or AFM) tip into the film which almost certainly (at least
for the long alkyl chains) will be destructive.
For tunneling conditions like those given for Figure 1
we estimate from the height difference to the bottom of
artificially createddefectsthat the tunneling tip penetrates
less than about 5 A into the thiol film.
After this short consideration of the conduction mechanism for imaging organic films containing alkyl chains
with varying lengths, we now turn back to a discussion of
the prominent morphological features shown in Figure 1.
Firstly, the step edges are not quite as straight as for the
clean Au(ll1) single crystal surface (see inset Figure 1).
This is an observation which has been made also for other
chemisorbed molecules such as naphthaline on Pt(lll).l5
In addition we observe a hi h concentration of depressions with a diameter of 20-60 and a de th corresponding
to the height of a substrate step ( ~ 2 . 5 ) for both MC22
and MC6. The observation of these structures has been
reported before by Hiussling et al.16 and Kim and Bard14
and was in both cases attributed to defects within the
self-assembled film. In the latter case a depth of the
depressionsof 8A for MC18 was reported,which was found
to decrease to 5 A for shorter chains (MC1O)Y
We have, however, strong evidencethat the depressions
originate from holes within the top layer of Au atoms.

Whereas these irregular structural features appear as
depressionof circular shapewith closed borderlinesinside
terraces, their borderline is open when they are located
close to step edges. For all of these particular structures,
we observe that the bottom of the depressions is indistinguishablefrom the lower terrace (see Figure 3). As the
shape and the depth of these depressions with nonclosed
borderlines at step edges is otherwise identical to that of
the holes inside terraces, we conclude that these features
are due to holes in the top substrate layer.
With regard to a determination of the depth of these
depressions, detailed investigations close to well-known
defects like steps and screw dislocations are considered to
be more accurate than a measurement via calibration of
the z-piezo. We do not, however, fully understand the
discrepancy to the work of Kim and Bard14 concerning
the depth of the depressions at the present time.17
The density of these holes on the surface is not uniform.
For example areas with a small terrace length, corresponding to a high step density, almost have no holes at
all (see Figure 1). Also the region above and below a step
edge is inequivalent (see Figure 4). Multiple imaging of
the same region (at proper tunnelingconditions,see above)
usually resulted in the same morphology, only in some
cases we observed a modification of subtle €eatures,such
as removal of a thin border between two holes.

(14) Kim, Y.; Bard, A. Langmuir 1992,8,1096.
(15) Hallmark, V. M.; Chiang, S.; Brown, J. K.; Wiill, Ch. Phys. Rev.
Lett. 1991, 66, 48.
(16) Hdussling, L.; Michel,B.; Ringsdorf, H.; Rohrer, H. Angew. Chem.
1991,103,568.

(17) We would like to note that using an Au single crystalas substrate
enabled us to calibrate our z-piem in situ by the height of monoatomic
steps on the Au(ll1) surface. Kim and Bard14 have used evaporated Au
films on mica, which are considerablymore inhomogeneous. They have
calibated their z-piezo at defects on graphite.14
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Figure 4. Region around a screw dislocation on an Au(ll1) single crystal surface with a self-assembled monolayer of docosanethiol:
tunneling parameters, 900 8, X 450 A; current, 0.5 nA; tip voltage, 100 mV.
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A

Figure 6. Image of an intrinsic defect in a film of docosanethiol: tunneling parameters, 1800 A
30 mV.

Defects within the self-assembled films which are not
caused by the imaging process like the ones shown in Figure
2, were only observed in very few instances. An example
of such a pinhole is shown in Fi e 5. The depth is roughly
equal to the f i i thickness (25 ). The small concentration
of these defects indicates a very high structural quality of
the thiol films, limited only by the structural quality of
the substrate.
We also did not observe any structures within the films
which could be related to domain boundaries between
regions of the film where the molecular axes are tilted in

r

X

900 A; current, 1nA; tip voltage,

different directions. These domain boundaries should be
present at least for the docosanethiols where both IRS
and N E W S indicate a high degree of molecular order.
For the hexanethiol film we do not expect domain
boundaries at room temperature, as measurements with
infrared spectroscopyas well as with N E W S have shown
that the short alkyl chains are not well ordered? Our
present explanation for our inability to observe domain
boundaries is that during imaging the STM tip is in a
region of the film which is thermally rough18 and the
domain boundaries should be obscured accordingly. For
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lower temperaturea the thickneee of thie region is expectad
to decreaee and the domain boundaries should become
visible.
The presence of holes within the top layer of the Au
substrate indicates maw transport phenomena upon
adsorption of the alltanethiols. The rather uniform
distribution of holes within single, large terraces euggesta
a corrosion proc888, poesibly originating from dieaolving
of gold a t o m or emall gold clusters via complex formation
with thiols to the ethanol. This hypothesis has been
validated by immersing a lO-cm* Au film (evaporated on
a Si wafer) into a 1mM solution of d m e t h i o l in ethanol
for 24 h. The amount of Au diseolved in the thiol solution
was determined by atom absorption epectroecopy(AAS).l9
It amountato 150ng,correspondingto approximately 50%
of a monolayer. This is in reasonable agreement with an
area of 4 3 of a monolayer estimated from the STM images
as shown in Figure 1.
From thie observation it can be concluded that the holes
are a result of removing material from the surface into the
solution. The precise chemistry of these gold thiolatse as
well as the detailed adsorption geometry of the terminal

S atom of the thiol molecule are not known at present, but
there ia evidence (see ref 20 for the caw of methanethiol
CH&H on Cu(ll1)) that the adsorption ocum via an
adeorbate-indad reconetruction where a substrate Au
atom is replaced. Thb displacement of Au atom may be
an intermediatastep for the formationof an Au-containing
cdmplex which is diesolved afterward.
Note,that the low concentration of holes at the downside of step edges as shown in Figure 4 indica- inequivalence of the two sides of a step-edge, which is coneistent
with an retraction of step edges as expected for a removal
of a t o m from the surface.
In conclusion we have shown that the morphology of
Au(ll1) surfaces ia drastically changed upon the selfamembly of alltanethiol monolayers by removal of about
30-5095 of a monolayer. This and other obeervationeby
NEXAFSlO indicate that the proceae of self-amemblymay
be coneiderablymore complicatedthanpresently aeeumed.
h i d e from the holes, which are defecta in the substrate
rather than defecta in the thiol fh,
the thiol monolayers
are found to have a very d e w , uniform structure with
very few intrinsic defecta ("pinholes").

(18) Hautman, J.; Klein, M. L. J. Chem. Phys. 1989,93,7483.
(19) After immenion(24h)oftheAuf~thethiolsolutionwaaf~tered
and evaporated to dryneat%The midue waa dholved in aqua regia and
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evaporated again and f d y 1 mL of HNOs concentratedwaa added. The
renulting solution W M quantitativelyanalyzed with AAS (Varian AA30
with graphite tube atomizer). Control experiments were carried out with
a thiol solution which haa not been in contact with Au (amount of Au
below the detection limit) aad ethanol, where an Au subrtrata waa
immersed for 24 h (amountof Au < 5 ng). Experimenta with hexanethiol
gave almcat identical nwulta (amount of d h l v e d Au = 200 ng).
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