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Abstract

The scanning tunneling microscope is used to study the structures of physisorbed
organic molecules on solid surfaces. For n-decanol and n-dodecanol physisorbed at the
liquid/graphite interface, the STM images show that the molecules lie parallel to the
substrate surface and formed two-dimensional ordered array. Using the voltage
dependent imaging mechanism, we are able to identify the locations of the hydroxyl
groups of the molecules. Images of n-decanol molecules and graphite lattice are
simultaneously obtained using the dual-bias technique, which shows that the substrate
lattice can be imaged without disturbing the adsorbed layer. Imaging n-dodecanol
molecules above the bulk melting temperature shows for the first time the two-
dimensional structural phase transition of the adsorbed layer. We also examined the
structures of n-decanol, n-dodecanol and octanoic acids molecules self-assembled at the
liquid/Au(111) interface. The adsorbed layer exhibits a superlattice structure with respect
to the underlying hexagonal array of 5 A lattice parameter. A possible reconstruction of
the Au(111) surface is observed when imaging n-dodecanols at various tunneling
parameters. Some preliminary studies of the long chain n-CogHs, adsorbed on graphite
in ultra high vacuum show that the molecules formed ordered array at room temperature.
Finally, the imaging mechanism associated with STM imaging of molecules is discussed
using a resonant tunneling model. The results indicate that in the case of imaging n-
decanol molecules on graphite, although the molecular orbitals lie well above the Fermi
level of graphite, a significant effect to the tunneling current from these molecular orbitals

can be observed near the Fermi level.
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“Two days ago I looked down through my sparkling microscope. Opened
up the diaphragm for more light and there it was. I said my my, what’s
this, it moves.......... I didn’t think I'd tell the others but I had to. Great
believer in the professional courtesy. Crowding round they said it was
some crystalline salt. How could they be so cruel. Itold them go away. I
gave it the test for proteins. It passed.”
----------- J. P. Donleavy
Meet My Maker the Mad Molecule
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Chapter 1

The Scanning Tunneling Microscope

1.1 Introduction

Frankfurt 1978, the idea of the scanning tunneling microscope (STM) for surface
science research was born. This idea quickly became a reality at 2:00 a.m. on the 18
March 1981. The result is “Scanning tunneling microscopy, a novel technique based on
vacuum tunneling, yields surface topographies in real space and work function profiles
on a atomic scale” [1, 2]. The chief architects of the STM, Gerd Binnig and Heinrich
Rohrer of IBM Zurich were soon awarded the Nobel prize for physics in 1986. The
success of the STM in achieving atomically resolved images of surfaces has triggered the
development of a variety of other scanning probe microscopes.

Still in its infancy, the STM has already established itself in the hierarchy of
surface analytical techniques such as low energy electron diffraction and Auger electron
spectroscopy, which provide a wealth of information about the surface but are inherently
limited to the ultrahigh vacuum (UHV) environment. Although the first STM
experiments were performed under UHV, STM is capable of achieving atomic resolution
in air and in liquid environment, a property which has escalated its use.

More than a decade later, the STM has becomes an instrument for research not
only in the field of surface science, but also that of chemistry, biology and medicine.
From seeing the atomic structure of a solid surface to molecules adsorbed on a substrate,
the STM has indeed becomes a device capable of providing information otherwise
impossible to obtain by other experimental techniques.

This thesis presents some STM results of simple organic molecules adsorbed on




solid surfaces. The purpose of this work is to give better understanding of the structural
phenomena at the adsorbate/substrate interface, and to address the crucial question in

molecular imaging with the STM, namely, the imaging mechanism.

1.2 Principles of Operation

Tunneling, a well known quantum mechanical effect, is the basic principle behind
the operation of the STM. The term tunneling describes electrons passing through a
region (tunnel junction) in which the potential is such that a classical particle with the
same kinetic energy could not pass. Conceptually, consider two closely spaced metal
electrodes, as shown in Figure 1.1. When a voltage is applied between the two planar
electrodes, electrons are transferred from one metal to the other. This tunneling current

(D for planar electrodes is given by

Io< Vexp (-Ad1/2s)

where V is the applied voltage, ¢ is the average barrier height between the electrodes in
eV, s is the separation between the electrodes in A and A is equal to 1.025 (eV1/2A)-1,

In scanning tunneling microscopy, a sharp tip is placed in proximity to a
conducting surface. At this distance, the wavefunctions of the tip and surface overlap.
When a bias voltage is applied between the tip and the surface, a quantum mechanical
tunneling current begins to flow. The movement of the tip is controlled in three
dimensions with an x, y, z piezoelectric element. This voltage sensitive piezoelectric

element will bend or deform when an electric field is applied across it. The amount of




Figure 1.1 Schematic illustration of electron tunneling effect. ¢; and ¢, are the work
functions of left and right electrodes, respectively. The voltage V opens

up a tunneling range so that electrons can move from the left to the right

electrode.




Feedback & Control
z Unit

Figure 1.2 A schematic view of the scanning tunneling microscope. Circles

represent atoms on surface.




motion can range from atomic to micrometer scale depending on the magnitude of the
applied field. Thus a desired area of lateral scan can be achieved by applying the
appropriate voltage across the x and y piezo elements. When operating in the constant
current mode, while the tip is scanning in the lateral direction, a feedback control system
adjusts the voltage to the z piezo, which raises or lowers the tip to keep the tunneling
current constant. This adjustment in the z-direction reflects different electronic
structures at different sites on the surface or the nature of the surface topography, for
example, atomic steps. When the tip is at a location where the tunneling current is high,
the z piezo will raise the tip (i.e., increase the tunnel gap) so that constant current is
maintained. This gives higher contrast or appears bright in a STM image. Similarly
when the tunneling current is low, the tip is lowered, which will result in lower contrast
or appears dark in an image. Detailed descriptions of the STM can be found in several
review articles [3, 4, 5]. A schematic view of the STM is shown in Figure 1.2. With
this instrument, the real space electronic topography of a surface can be imaged to the

atomic level.

1.3 Theory

Several representations of the tunneling current have been developed to model
how tunneling takes place between the tip and the surface. The widely used theory of the
STM is that given by Tersoff and Hamann [6]. Based on the Bardeen formalism [7],
where the wavefunctions of the left-right electrodes are treated as separate entities,
Tersoff and Hamann calculated the tunneling current using the first order perturbation

theory as




1= 25 FBIIL - f(Es + V)1 |MPAE - E)
ts

Where f(E) is the Fermi function, V is the applied voltage, E; is the tip’s energy of state

W, in the absence of tunneling, E is the surface’s energy of state Wy and M, is the

tunneling matrix element between states ¥, of the tip and W of the surface. M, is given

by
‘h2 . *—D e d %
My =2—| dS- (VY - WVY)
2m

where the integral is over the surface lying entirely within the barrier region separating the
tip and the surface. Thus the tunneling current arises from the spatial overlapping of tip
and surface wavefunctions in the tunnel junction. In the limits of small voltage and low

temperature (< room temperature), the tunneling current can be written as

ZJreV

Z |MsPXE, - E)&E, - Ey)

where Ej is the Fermi level of the surface. When the tip is represented by a point probe,
the tunneling current is proportional to the surface local density of states (LDOS) at the
position of the point probe. Therefore when a STM is imaging in the constant current
mode, the image contrast corresponds to the topographical map of the surface LDOS near
Ep.  The theory is applied to Au(110) surfaces and the results agree well with the

experimental values.




1.4 Motivations

The assembly of atoms and molecules on solid surfaces is not only a phenomenon
of fundamental interest, but also provides a means to control the chemical phenomena
including catalysis, corrosion, lubrication and adhesion. The ability to control interfacial
processes are of great scientific and technological interest. It is well established that the
STM is capable of imaging a wide variety of atoms, biomolecules, liquid crystals, simple
inorganic and organic molecules adsorbed on surfaces. Table I lists some examples in
this area of research. However, the imaging mechanism associated with the STM
imaging of molecules remains unclear. Most molecules are insulators with large band
gaps. When physisorbed on surfaces, one would not expect any electronic contribution
from the adsorbed molecules to the tunneling current near the Ef, and thus one would
expect that molecules could not be imaged with the STM. There are numerous proposed
theories to deal with the question of how molecules are imaged. We will briefly describe
a few examples below.

In the imaging of liquid crystals [8], it was proposed that the resulting image
contrast observed is due to the local modification of the substrate work function in the
presence of the molecules. Adsorbed polar molecules are known to alter the work
function of a surface. The adsorbed liquid crystals were proposed to lower the work
function of the substrate, thus enhancing the tunneling current and yielding higher image
contrast that reflects the positions of the molecules. It was also suggested [9] that the
STM actually imaged the molecular orbitals of the liquid crystals.

A recent calculation [10] based on the local density approximation to the density
functional theory has shown that weak molecular states of benzene mix with the substrate

states of graphite and MoS, near the E; gave images that correspond to the molecular-




substrate interaction. At higher voltage (far away from Ef), the STM imaged the
molecular states of the benzene. A similar calculation was performed on a Xe atom
physisorbed on a Ni(110) surface [11].

For larger molecules such as the DNA and RNA aggregates, it was proposed that
resonant tunneling mechanism is responsible for the success in imaging these molecules
[12]. Using the tight-binding model of a molecule in a tunnel gap, calculation showed
that the tunneling current increased several orders of magnitude when the molecular states
of the biomolecules are in the tunneling range. It was also shown that the pressure in the
tunnel gap, which may exceed a GPa, changes the electronic properties of the
biomolecules so that the molecular states are near the E;. Resonant tunneling
calculations were also applied to the STM imaging of liquid crystals [13] and other
molecules.

G. C. McGonigal et al [14] have studied the adsorption of long chain linear
hydrocarbon n-C3yHgg from solvent onto graphite. The molecules were found to form a
highly ordered two-dimensional arrays, as shown in Figure 1.3. Although the STM
image reveals striking molecular ordering, the imaging mechanism, however, remains
unresolved. Recent ultraviolet photoemission spectroscopy studies of long chain alkanes
give the value of the band gap to be about 10 eV, with the lowest-lying unoccupied state
just above the vacuum level [15]. It is therefore difficult to understand how these
molecules can be imaged with bias voltages not far from the Fermi level, which is located
in the middle of the band gap.

It should be noted that the majority of the theoretical calculations were done after
the STM images had been obtained. To date, there is no general procedure for predicting
the image of even a simple molecular monolayer. It may well be that different systems

may yield different imaging mechanisms. In order to provide further insight into the




imaging mechanism, it is our intention here to select a simple system such that the
imaging mechanism and the structure of the molecular assembly can be carefully

examined.




Table I Adsorbate/Substrate Systems Imaged by STM

System
Xe on Pt

O on GaAs

Cs on GaAs

S on Re

COonRh

COon Pt

Naphthalene on Pt

m-CB liquid crystals

on graphite

Dimethy! and di-2-ethylhexyl
Phthalates on graphite
Polyimide LB monolayer

on graphite

Lipid LB bilayers on graphite
Polypyrole on graphite and Au
Isopolyanion arrays on graphite
Detergent monolayer on graphite
Glycine on graphite

Tosylated B-cyclodextrin

on graphite

DNA

Environment

UHV

UHV

UHV

UHV
Aqueous Solution
Aqueous Solution

UHV
Liquid/Solid
Interface
Liquid/Solid
Interface

Air

Aqueous Solution
Glycerol/Water
Air

Air or Water

10

Reference

16
17
18
19
20
21
22,23
24

25

26

27, 28
29
30
31
32
33

34-36




Figure 1.3 Structure of n-C3,Hgg observed with STM at solution/graphite

interface. Field of view is 100 A x 100 A. Bias voltage at 0.4 V

and 1.0 nA tunneling current [14].

11



We have examined three systems with the STM to date. First was the
physisorption of rn-alkanol monolayers at the liquid/graphite interface, where the
adsorbed molecules are lying parallel to the substrate. This system has been well
characterized by volumetric study. Secondly, we examined the structure of n-alkanols
and octanoic acid self-assembled at the liquid/Au(111) interface, where the molecules are
adsorbed with one end on the surface. Figure 1.4 shows the two adsorption
configurations. The adsorbed structures were examined as a function of the bias voltage,
substrate temperature and the gap resistance (R = V/I, where V is the bias voltage and
I is the tunneling current). Some preliminary STM investigations of n-alkanes adsorbed
on a graphite surface in UHV were also been carried out recently. This is a continuation
of the work begun by G. C. McGonigal on the STM of simple organic molecules

adsorbed on solid surfaces.

1.5 The Molecules

The n-alkanols investigated are n-decanol (n-C;yH,;OH) and n-dodecanol
(n-C12Hp50H). Each molecule is a saturated linear hydrocarbon chain with a hydroxyl
group at one end, as shown in Figure 1.5. The atoms within the molecules are arranged
in a zig-zag chain with C-C and C-O bond lengths of 1.54 A and 1.44 A, respectively.
Both the C-C-C and C-C-O bond angles are approximately 105.5°. The melting points of
the bulk crystal n-decanol and r-dodecanol are 6.5 °C and 23.9 °C, respectively.
Octanoic acid (CyH;5COOH) has a similar structure, except that the end of the molecule
is an COOH group. The melting point of the bulk crystal of octanoic acid is 16.5 °C. All

the chemicals are obtained from the Sigma Chemical Co. and used as received.

12




Molecules
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@

Molecules
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Figure 1.4 Schematic illustration of molecules adsorbed to surfaces
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Figure 1.5 Schematic drawing of the molecules.
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1.6 Experimental Techniques

The research was performed with a Digital Instruments Nanoscope I™ STM.
Detailed description of this instrument can be found in reference [37]. The sample was
prepared by directly applying the molecules onto a freshly cleaved highly oriented
pyrolytic graphite, or onto an epitaxially grown Au(111) film on mica [38]. Because 1-
dodecanol has a bulk melting point of 23.9 °C, the temperature of the substrates was
raised to produce a liquid/solid environment. This was done by means of a Peltier device
situated directly underneath the substrate and the surface temperature was controlled to
within £0.5 "C. The substrate temperature was maintained with the Peltier device
throughout the entire experiment. STM images were obtained with a W tip immersed in
the liquid and the STM operating on the constant current mode, as shown in Figure 1.6.
The W tip was prepared by electrochemically etching in an aqueous solution of KOH (10

gm per 140 ml of distilled H,0).

1.7 Overview of the Dissertation

The remaining chapters of this thesis deal with the experimental results obtained
from the characterization of the adsorbed molecules. Chapter 2 and 3 give the results of
STM imaging of the molecules at the liquid/graphite and liquid/Au(111) interfaces
respectively. Chapter 4 is devoted to UHV STM imaging of n-alkane on graphite.
Some general descriptions of the UHV system and the UHV STM will be given. The last
chapter deals with the issue of imaging mechanism. We will present some simple

calculations to show how the molecules are imaged by the STM.
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Chapter 2
Liquid/Graphite Interface

2.1 Introduction

These systems were chosen, in part, because of the previous work on them that
could be used as a basis for our work. The presence of ordered n-alkanols molecular
structure at the liquid/graphite interface has previously been suggested by volumetric and
calorimetric studies [39]. The volumetric behaviour of the n-decanol and n-dodecanol
adsorbed on graphite has been studied as a function of temperature [40]. Figure 2.1
shows the result expressed in terms of surface excess mass plotted against the
temperature. The region where the surface excess mass is roughly constant corresponds
to a monolayer of molecules adsorbed on the graphite surface. For the n-decanol, the
formation of a monolayer ranges from 10 °C to 45 °C. For the n-dodecanol, the
formation of a monolayer begins at 28 °C. The disorder transition or melting of the n-

decanol and n-dodecanol ordered structures occur at about 48 °C and 60 °C respectively.

2.2 n-Decanol

From previous volumetric studies of n-decanol, which suggested the formation
of ordered monolayer at the liquid/graphite interface, one could only guess the structure
of the adsorbed layer. Figure 2.2 shows an 80 A x 80 A STM image of n-decanol
adsorbed onto graphite. The bias voltage is 0.43 V sample positive and the tunneling
current is 0.5 nA. Each molecule is resolved in the STM image. Note that the n-decanol

monolayer possesses a high degree of two-dimensional ordering. This is the
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Figure 2.1 Surface excess mass of r-alkanols on graphite surface as a function of
temperature. Open and solid circles represent n-decanol and n-dodecanol

respectively [40].
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Figure 2.2 (Left) STM image of n-decanol on graphite. (Right) molecular

arrangement; open circles represent the hydroxyl groups.
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first image of n-alkanol on graphite revealed by the STM, and shows for the first time
the true ordering of the adsorbed layer. The length of each molecule is roughly 14 A.
This is consistent with n-decanol lying parallel to the substrate surface. The molecular-
packing arrangement of the molecules is such that each bright band consists of molecules
linked together in pairs by the hydrogen bonding of the OH head groups in alternate
rows. Average separation between two adjacent molecules is approximately 4 A. The
molecules are arranged at an angle of 60° with respect to the dark bands. These features
are in agreement with the bulk crystalline form of n-alcohols observed from
crystallographic analysis [41].

Figure 2.3 shows an image of n-decanol taken at 0.1 V bias voltage and 0.66 nA
tunneling current. The graphite lattice can clearly be seen, together with narrow 5 A
bright bands. If the bias voltage is raised to 0.33 V while maintaining constant current,
higher contrast is achieved and the n-decanol monolayer is observed, as shown in Figure
2.4. Comparison between Figures 2.3 and 2.4 suggests that the 5 A bright bands
observed at the 0.1 V bias voltage are associated with the hydroxyl groups within the
molecules. On further raising of the bias voltage to 0.45 V, a dramatic change in the
STM image contrast occurred as shown in Figure 2.5. The hydroxyl groups now appear
as an array of dark holes in the image. The diameter of the hole along the molecular axis
is approximately 5 A, consistent with the width of the bright bands observed at 0.1 V
bias voltage. From Figures 2.3, 2.4 and 2.5, we can see that the STM image contrast
within the n-decanol molecules changes with bias voltage. This voltage-dependent
imaging mechanism enables us to selectively image, and therefore identify, the
molecule’s hydroxyl head group and n-alkane tail. To date, the most successful method
of locating individual functional groups within a molecule has been the comparison of

images of molecules that are identical except for a single functional group [42]. Judicious
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Figure 2.3 STM image of n-decanol on graphite at 0.1 V.

80Ax80A

Figure 2.4 STM image of n-decanol on graphite at 0.33 V.
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Figure 2.5 STM image of n-decanol on graphite at 0.45 V
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choice of the substituted functional group yields different apparent heights for that group
in each of the STM images, permitting location of the position of the dissimilar functional
group in each molecule. Here we have shown for the first time that based on a voltage
dependent imaging mechanism, different functional groups within a molecule can be

located using the STM.

2.3 Dual-Bias Imaging

To further illustrate the capability of this voltage dependent imaging technique,
Figures 2.6(2) and 2.6(b) show images of n-decanol and the graphite lattice respectively.
These two images are taken simultaneously at two different voltages, while maintaining
constant tunneling current. This is done by first completing one scan line at the first
voltage, changing the bias voltage, and returning the tip to the start of the line before
recording a scan line at the second voltage. The bias voltage is then returned to the first
value and the procedure is repeated until two complete images have been obtained.
Figure 2.7 shows how the voltage and x-scan change with scan time. From the time
interval #; to #,, the line is scanned at voltage V; and the data from this scan line is
recorded. In returning to the start, which is in between the time #, and 13, the voltage is
switched to V,. The next line is then scanned at voltage V, from 75 to #, and
recorded. With a typical scan frequency of 20 Hz on 512 lines, the time interval between
t; and £, is 0.039 sec.

Figure 2.6(a) displays the two dimensional ordering of the molecules similar to
those observed previously. The result confirms that at lower bias, the substrate lattice
can be observed without disturbing the adsorbed molecules. In normal imaging, where

the graphite lattice and the molecules are separately imaged, the time required to obtain
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one image is 25.6 sec. During this time period, thermal drift in the piezoelectric elements
can be a big factor if one tries to compare the images of molecules and the graphite to
deduce the registry of the adsorbates with respect to the substrate lattice. One image
could be offset by a few A due to the thermal drift and this make comparison of images a
difficult task. But with the dual-bias technique, where the molecules and substrate are
simultaneously imaged, yields a pair of images offset by no more than the thermal drift
occurring during the recording of a single line. Thus this technique can provide a more
accurate measurement of the position of the adsorbed simple molecules relative to the
substrate. Such technique was also successfully used to simultaneously image a liquid

crystal layer and the graphite substrate [43].
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(b)

Figure 2.6 STM images of n-decanol acquired simultaneously at bias voltages of

(a) 0.48 V and (b) 0.10 V. Field of view is 80 A x 32 A.
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Figure 2.7 Schematic illustration of the procedure for dual-bias imaging.



2.4 The n-Dodecanol

Figure 2.8(a) shows an 80 A x 80 A STM image of n-dodecanol monolayer
physisorbed onto the graphite and imaged at 30 °C. The most striking feature observed
in this experiment is that the n-dodecanol molecules are packed in a herringbone
structure (see Figure 2.11(a) for illustration). This structure is quite different from that of
n-dodecanol bulk crystal [44]. The same structure persists at 35 °C. However, when
the temperature of the substrate is raised to 40 °C, a dramatic change in the structure of
the adsorbed monolayer takes place, as shown in Figure 2.8(b). While retaining the high
degree of two dimensional ordering, the herringbone structure has now transformed into
a structure similar to the bulk crystal, and similar to that observed for n-decanol on
graphite. Although it was believed from the volumetric studies that this interfacial
structure was ordered, it was not suspected however that there was on order-order phase
transition between the bulk melting temperature and the melting temperature of the
interfacial layer (or disorder transition). For the first time the STM has revealed the
behaviour of this ordered structure.

The long range ordering of the adsorbed molecules at the two temperatures are
shown in Figures 2.9(a) and (b). At 30 °C, we observed a moiré pattern of alternating
high and low contrast repeated on a length scale much larger than the molecular size,
which is different from that at 40 °C. We believe that the moiré pattern results from
neighboring molecules adsorbed at slightly different substrate sites. A simple illustration
on the origin of the moiré pattern is shown in Figure 2.10. Figure 2.10(a) shows an
adsorbed layer of atoms (shaded circles) binding at equivalent sites on the substrate (open
circles). This corresponds to a commensurate structure. Therefore the STM contrast of

the adsorbed atoms should be the same. In Figure 2.10(b), where the atoms are
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(b)

Figure 2.8 STM image of n-dodecanol on graphite at two temperatures (a) 30 °C

and (b) 40 °C. Image size is 80 A x 80 A.
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(b)
Figure 2.9 Long range ordering of n-dodecanol on graphite (a) 30 °C and

(b) 40 °C. Image size is 160 A x 160 A.
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(b)

Figure 2.10 Illustrations of (a) commensurate and (b) incommensurate
structures. (b) gives rise to moiré pattern in an STM image.
Open and shaded circles represent the substrate and adsorbed

atoms respectively.
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adsorbed at inequivalent sites on the substrate, this is referred as an incommensurate
structure. The adsorbed atom A will appear brighter than atom B in an STM image as it
is on top of an substrate atom; while atom B is situated in between two substrate atoms.
This high and low contrast will show up as moiré pattern when the long range ordering
of the adsorbed layer is imaged. We can infer that in the imaging of n-dodecanol, the
molecular monolayer may be incommensurate with the substrate lattice at 30 °C; while a
commensurate structure is possible at 40 °C.

It is possible the structural phase transition of n-dodecanol observed is due to the
presence of rotator phases at higher temperature. The rotator phase has previously been
observed in the x-ray studies of Langmuir monolayers and solid n-alkanols [45, 46]. In
a rotator phase the alkane tails rotate about their axis. Figures 2.11(a) and (b) show
schematic representations of the two types of n-dodecanol ordered structures observed.
Intermolecular spacings measured along the a-axis at 30 °C and 40 °C are approximately
48 Aand 6.2 A respectively. The increase in the intermolecular spacing is consistent
with the existence of rotational mode at the higher temperature. At 40 °C, the molecules
could rotate about their C-O axes due to the increase in thermal energy and the effect of
this rotational mode transforms the n-dodecanol monolayer structure from herringbone
to a structure similar to that of the bulk crystal.

It is important to note that the herringbone structure reappears when the substrate
temperature is lowered from 40 to 30 °C. In other words, we do not observe any
hysteresis in this transition. Also, we do not observe any adsorbed monolayer above 45
°C. This could due to the instability of the monolayer at higher temperature. It has been
suggested that in the ethanol/graphite system [47], the melting of the ethanol monolayer
takes place via a two-step mechanism. First is the melting of the alkyl tails, while the

hydrogen bonds are maintained and ensure the stability of the monolayer. Second, at
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sufficiently high temperature, the hydrogen bonds break and an order-disorder transition
occurs. Figure 2.12 illustrates the melting behaviour of the ethanol/graphite system.
When the temperature is raised, the molecules undergo rotations about their C-O axes
prior to the breaking of the hydrogen bonds. Our results also indicate such a step-wise
nature of increased disorder, with alky! tail transitions occurring at lower temperature.
This provides a further insight into the behaviour of two-dimensional system processes

such as order-order transition and ‘two-dimensional melting’.
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Figure 2.12 A schematic view from above the surface of the melting of physisorbed
ethanol. Black circles are the oxygen atoms. Shaded circles are the
carbon atoms of the hydrocarbon chains. Hydrogen bonds are illustrated
by solid lines. Circles which obscure other circles indicate atoms farther

from the surface. The temperature increases in successive frames [47].
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Chapter 3
Liquid/Au(111) Interface

3.1 Introduction

The behavior of self-assembled molecular monolayers on surfaces has been the
subject of active scientific investigation [48]. Detailed understanding of molecular
organization in two dimensions is important to the engineering of materials at the
molecular level. Recent work by G. M. Whitesides [49] demonstrates the potential of
performing lithography in the molecular scale using these molecular assemblies. A
traditional system for studying self-assembled monolayer has been the adsorption of -
alkanethiols [CH3(CHj),SH] on gold surfaces [50]. The self-assembly of n-
alkanethiols on Au(111) was recently investigated with the STM [51]. For n-alkanols
adsorbed on other metal surfaces, electron diffraction studies proved that ordered
monolayers were formed with their hydrocarbon tails perpendicular to the substrate [52].
The search for ordered n-alkanols on a gold surfaces has been unsuccessful in the past.
Although the n-alkanethiols bind more strongly than n-alkanols on a gold surface [53],
contrary to popular belief the n-alkanols can also form an ordered self-assembled layer at
the liquid/Au interface, as demonstrated by out STM measurements. In the following,
we provide the first observation of ordered n-alkanol molecules self-assembled at the
liquid/Au(111) interface with the STM. Our results show striking similarity between the

self-assembled of n-alkanethiols and n-alkanols on Au(111).
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3.2 n-Decanol

The Au(111) film was prepared by evaporation onto a heated mica substrate in
vacuum. The substrate temperature was 450 "C. After the evaporation, the film was kept
in the vacuum system at the same temperature and annealed. Sample preparation
procedure for the STM experiment is similar to that of the liquid/graphite interface. Few
drops of n-decanols were placed directly onto the Au(111) film. The STM images were
obtained with an electrochemically etched W-tip immersed in the liquid. Figure 3.1
shows a 40 A x 40 A STM image of the Au(111) substrate obtained at the n-
decanol/Au(111) interface under ambient conditions. The bias voltage is 0.5 V sample
positive and the tunneling current is 0.5 nA [54]. Atomic resolution of this image gives a
nearest-neighbour spacing of 3 A, consistent with that observed in ultra-high vacuum
STM imaging of Au(111) [55]. It was found that a threshold bias of 0.5 V must be
exceeded before the n-decanol monolayer is observed, below this threshold the gold
substrate is revealed. There was no evidence of the presence of the monolayer when the
STM was operating at opposite tip polarity ( sample negative ), even at higher voltages.

By raising the bias voltage, the STM image contrast changes and the n-decanol
adlayer was observed. Figure 3.2(a) shows a 60 A x 60 A STM image of n-decanol
adsorbed on the Au(111) surface. The bias is 0.57 V sample positive and the tunneling
current is 0.66 nA. Clearly observable is a hexagonally close-packed array with a
nearest-neighbour spacing measured to be approximately 5 A. This spacing agrees well
with the expected diameter of a hydrocarbon chain. We believe this to be an image of the
n-decanol molecules standing on end with the OH polar groups facing the gold substrate
[56]. The bright dots would then correspond to the methyl groups at the end of the

hydrocarbon chain. The hexagonal close-packing, and the corresponding interchain
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40 A x40 A

Figure 3.1 STM image of an epitaxially grown Au(111) surface in liquid

n-decanol environment.
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60 A x60 A
Figure 3.2(a) STM image of n-decanol self-assembled at the liquid/Au(111)

interface.

O0000D000

Figure 3.2(b) Schematic illustration of the contrast observed. Position A gives

higher contrast than B. Open circles represent the Au lattices.
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spacing are similar to the packing arrangement of docosyl mercaptan [CH3(CHp)gSH]
on Au(111) observed from electron and helium diffraction studies [57, 58]. Note that
the image also reveals a superstructure pattern of alternating areas of high and low
contrast. This moiré effect is consistent with the OH head groups binding at inequivalent
sites, thus yielding higher contrast at different locations on the gold surface, as illustrated
in Figure 3.2(b). It is interesting to note that a recent helium diffraction study of n-
octadecanethiol on Au(111) also showed the formation of superlattice structure [59].
Two-dimensional Fourier analysis of Figure 3.2 shows that both the underlying adlayer

and the superstructure exhibit hexagonal patterns.

3.3 n-Dodecanol

To investigate further the adsorption of n-alkanols on Au(111), we imaged the
n-dodecanol molecules. Figure 3.3 shows an image of n-dodecanol at the
liquid/Au(111) interface. The 80 Ax80A image is taken at 770 mV and 0.35 nA, which
corresponds to a gap resistance of 2.2 GQ. The image reveals a hexagonal
superstructure pattern of alternating areas of high and low contrast. Although we cannot
resolve the nearest neighbour spacing of the molecules, the superlattice structure
observed here is similar to our previous STM results of n-decanol on gold, which clearly
showed the 5 A intermolecular spacing.

We found that the STM image obtained in the experiment varies strongly with the
gap resistance of the tunnel junction. In Figure 3.4, the STM image is taken with 0.12
GQ gap resistance. This 60 A x 45 A image shows a series of squares with a periodicity
of approximately 5.2 A (distance between center of squares). It appears that this image
corresponds to a reconstructed Au(111) surface in the presence of the molecules. Each

square consists of 8 Au atoms covering an area of 30 A2. This gives the nearest neighbor
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separation between the Au atoms along the sides of the square to be approximately 2.7 A.
Figure 3.5 shows an image with 0.16 GQ gap resistance. The square pattern is
maintained but somewhat disordered. This suggests that the reconstructed Au(111)
surface is unstable, and can be manipulated by changing the gap resistance of the tunnel
junction. Figure 3.6 shows an image across three terraces on the gold surface. The
square pattern is visible on two terraces, which shows that the origin of this pattern is not
due to some anomalous tip effects that might occurred in the tunneling experiment. The
gap resistance in this image is 0.29 GQ.

The formation of square pattern on a reconstructed Au(111) surface is by no mean
restricted to STM imaging n-dodecanol at the liquid/solid interface. Recent STM studies
of gold exposed to sulfide, thiocynnate and n-octadecanethiol also yield similar results
[60, 61]. It was proposed that under specific imaging parameters, the n-octadecanethiol
molecules are removed from the surface, along with the Au atoms that are attached to the
sulphur head groups. The result is the reconstruction of Au(111) surface into a series of
squares. In the case of imaging n-dodecanol molecules, the STM image varies with the
gap resistance. It demonstrates that at higher gap resistance (i.e. large tunnel junction),
the STM image displays those of the adsorbates. Decreasing the gap resistance removed
the adsorbates from the gold substrate by the STM tip. Although the OH head groups of
n-dodecanol bind less strongly to the substrate than the SH head groups of n-
octadecanethiol molecules, there is the possibility that Au atoms were removed from the
surface together with the molecules, for the resulting square pattern is similar to that in

imaging n-octadecanethiols.
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Figure 3.3 STM image of n-dodecanol self-assembled at the

liquid/Au(111) interface.
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60A x45A
Figure 3.4(a) Image of reconstructed Au(111) when gap resistance is reduced

t0 0.12 GS2. This square pattern is imaged at 100 mV and 0.8 nA.

Figure 3.4(b) Drawing of the square pattern. Each square consists of

eight Au atoms.
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f square pattern across two gold terraces.
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Figure 3.6 55 A x 60 A




3.4 Octanoic Acid

The adsorption of n-alkanoic acids on metals such as Al, Ag, and Cu has been
well characterized [62]. There has been no account of a corresponding monolayer on Au.
Figure 3.7 shows a 60 A x 60 A image of octanoic acid adsorbed at the liquid/Au(111)
interface. The image is taken with a gap resistance of 1.86 GQ. A close-packed array of
dots can be seen from this image. The nearest-neighbour spacing between dots is
approximately 5 A. This is consistent with the diameter of the molecules when adsorbed
with their hydrocarbon chains pointing outward from the surface. A recent study of long
chains alkanoic acids adsorbed on silver indicated that the molecules were oriented
normal to the surface [63]. Also observable in this image is the superlattice structure.
This moiré pattern could be due to the COOH head groups binding at different sites on
the surface, as in the case of n-decanol and n-dodecanol. Fourier transform of this
image shows both the underlying lattice and the superstructure exhibit hexagonal pattern.
When the gap resistance is decreased, the STM image becomes disordered. Further
decrease in the gap resistance gives the image of Au(111). We are not able to observe
any reconstruction of the gold surface in imaging octanoic acid. This does not means that
the reconstruction of the surface could not take place when imaging octanoic acid. As we
have shown in the imaging of n-dodecanol, there exists only a narrow range of gap

resistance at which the unstable reconstructed surface can be imaged.
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Figure 3.7 Image of octanoic acid on Au(111) taken at 0.67 V and 0.36 nA.
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Chapter 4
UHY Imaging of n-Alkane

4.1 Introduction

In chapter 2 and 3, we have demonstrated that the STM can provide detailed
structural information of adsorbates at the liquid/solid interfaces. In order to get a better
understanding of the imaging mechanism, we need to perform experiments in an UHV
environment where the conditions are better controlled. Unfortunately, experiments at
the liquid/solid interface are not well controlled. It is difficult to determine the role of the
fluid in the imaging mechanism. UHV imaging of atoms and molecules on solid surfaces
has been successful in the past. Examples include the imaging of Xe atoms on Ni(110)
[11] and benzene coadsorbed with CO molecules on Rh(111) [64], showing ringlike
structures which corresponding to the benzene molecules. Larger molecules such as the
duplex DNA on graphite were also observed in UHV and the images revealed the two
helical turns of the biomolecule [65]. In the case of imaging long chain n-alkanes on
graphite, all the experimental results were obtained from liquid/graphite environment.[66,
67]. The long chain linear hydrocarbon rn-alkanes were found to physisorb from solvent
onto the graphite in a highly ordered two dimensional array. No data on the STM
imaging of these molecules in UHV are available to date.

Shorter n-alkanes such as n-hexane (n-CgH;4) molecules are known from
neutron diffraction studies to form ordered structures on graphite in UHV at temperatures
below 150 K [68]. To examine the formation of n-alkane ordered structures at room
temperature however, longer chain molecules are needed. To find out whether these long

chain n-alkanes are stable when adsorbed on graphite at room temperature, we estimated
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the surface mobility of the molecules by using the diffusion equation [69]
D = Dyexp(-Eq/ KT)

where D is the diffusion coefficient, D, is the pre-exponential factor and is of the order
of 103 cm?s. Eg is the surface diffusion activation energy, K and T are the
Boltzmann constant and temperature respectively. Figure 4.1 shows a schematic diagram
of energy versus position on a surface. For a molecule to jump laterally from one well to
another, it has to overcome the barrier E4 For a n-CygHsy molecule, the binding
energy is approximately 2.5 eV when adsorbed on graphite [70] and E; is typically 30 %
of the binding energy [71]. Therefore at room temperature, D is approximately 3 x 10-16
cm?/s. In a time interval of ¢ = 1 sec, the molecule moves x = (D12 = 2 A. In the
present UHV experiment, the time required to complete an image is 512 sec. An isolated
molecule therefore cannot be imaged due to the mobility of the molecule. If the molecules
formed an ordered structure, this structure could be stabilized due to the lateral
interactions between the adsorbed molecules and would be possible to image with the
STM. The diffusion coefficient D can be reduced by choosing molecules with chain
length longer than that of n-CogHgy; but the vapor pressures of these molecules are
much lower than a typical UHV environment ( 10719 torr), rendering the sample
preparation procedure difficult. In this chapter, a preliminary in situ UHV STM study of
the n-alkane molecules, in particular the n-Co¢Hs, adsorbed on graphite will be
presented.

E? % Eg

—_—
X

Figure 4.1 Schematic illustration of energy barrier on a surface. Shaded

circle represents an adsorbate on the surface.




4.2 Instrumentation

Figure 4.2(a) shows the UHV system. A Park Scientific™ UHV STM-SU2 is
placed in the chamber, to be used in conjunction with a low energy electron diffraction
(LEED) instrument. Surface characterization of the graphite and adsorbates on substrate
is performed with LEED prior to STM imaging. Approximately 10 mg of the n-CogHsy
molecules are placed in a glass tube and isolated with a gate valve in a differentially
pumped sublimation port, as shown in Figure 4.2(b). This allows LEED to be
performed on a clean graphite surface without the contamination of the n-CosHsy
molecules. The vapor pressure of some long chain n-alkanes as a function temperature
is plotted in Figure 4.3. For the n-CygHs4 molecules, the vapor pressure is
approximately 5 x 10-7 torr at room temperature. The pressure in the port is maintained at
1 x 10-8 torr.

A schematic drawing of the UHV STM is shown in Figure 4.4(a) and (b).
Vibration isolation of the inner stage is achieved by using a double spring suspension
along with magnetic damping. The inner stage is suspended from the middle stage,
which in turn is suspended from the outer frame of the entire instrument. The W tips are
prepared in air, the same way as described earlier. A maximum of eight tips can be putin
the tip carousel, located near the inner stage. This makes in situ tip replacement
possible, without having to vent the vacuum system everytime a tip is replaced. The tip
scanner is formed by configuring three piezoelectric bars into a tripod, allowing motion in
three orthogonal directions. To achieve tunneling, the sample is moved toward the tip at
0.15 um per step by means of a stepper motor through a gear reduction mechanism. This

UHYV STM operates in the constant current mode.
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4.3 Sample Preparation

A thin sheet of graphite approximately 5 mm x 5 mm x 1 mm is mounted on a
molybdenum holder and placed on the manipulator sample holder. The chamber is then
pumped to a pressure of less than 1 x 102 torr. The graphite is heated to a temperature of
370 °C for 4 hours, with the chamber pressure maintained below 5 x 10-8 torr. LEED is
performed on the graphite after the substrate is cleaned, showing the typical ring-like
pattern at 74 eV incident electron beam; as shown in Figure 4.5. With the cleaned
substrate mounted on the manipulator, n-CogHs4 is then sublimated onto the graphite.
The LEED was repeated every 0.5 hour to check if any changes can be observed in the
LEED pattern. The time required to observe changes is approximately 3.5 hours, and the
LEED showed a rather disordered pattern. This is used to give an indication that
molecules are adsorbed on the surface. The sample is then loaded onto the UHV STM

stage.

Figure 4.5 LEED of clean graphite. The poor quality of this figure is due to

poor printing.
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4.4 Result I

Figures 4.6(a) and (b) show 60 A x 60 A STM images obtained at a bias voltage
of -0.65 V and 4.3 nA. Small clusters of unknown adsorbates are observed together
with the graphite lattice. The dimensions of the largest cluster (see Figure 4.6(a)) are
measured to be 40 A long and 10 A wide. The height of this cluster is about 15 A. We
are not able to determine the origin of these clusters at this time. In recent inverse
photoemission spectroscopy studies of organic molecules adsorbed on solid surfaces,
damage to the adsorbate systems due to the impact of incident low energy electron beam
were observed [72, 73]. It is possible that this process occurred during the sample
preparation stage of this experiment. The LEED experiment during the sublimation
process might have caused the fragmentation of the n-CygHs,4 molecules on the graphite
surface. These fragments of the molecules could then bonded to form these clusters.
This possibility is addressed in a LEED-free experiment described in section 4.5.

An investigation of the surfaces of bulk (large crystals) of n-alkanes with STM
has shown the formation of solid layers and crystalline-like structures from sample of
various chain lengths [74]. We could also interpret our STM images as the crystalline
structures of fragments of n-CygHsy molecules. Since the height of the cluster is
approximately 15 A, this would be then a 3-layer structure as the diameter of an n-alkane
is 5 A. These results are by no mean conclusive. In the next section however, a set of
data from a different sample preparation technique is presented to show the evidence of

ordered structure of n-alkanes adsorbed on graphite in UHV.
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Figure 4.6(a) UHV STM image of n-CogHs4 on graphite, possibly showing a

crystalline n-alkane phase.
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Figure 4.6(b) UHV STM image of n-CogHz4 on graphite, possibly showing a

crystalline n-alkane phase.
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4.5 Result I1

To avoid performing LEED on the adsorbate covered graphite surface, the
sublimation port is moved to a position where it is in the line of sight of the STM stage.
The procedure for cleaning the substrate remained the same. After the cleaned graphite is
loaded onto the STM stage, a STM experiment is carried out on the surface. Figure 4.7
shows a 900 A x 900 A image of the cleaned graphite surface. The image reveals some
flat terraces on the surface. A contour plot across these terraces indicates that the step on
each terrace is approximately 3 A high. Thus we have observed the atomic steps on the
graphite surface.

After the integrity of the substrate is verified with the STM, i.e. surface is free of
defects, the gate valve is then opened to begin the sublimation of n-CygHs, molecules.
STM experiments are done on the substrate surface at 0.5 hour intervals, with the gate
valve opened. Only graphite lattice is observed for the first 3.5 hours. Figure 4.8 shows
an image taken immediately after 4 hours of sublimation time. The bias voltage is -0.56
V and the tunneling current is 2.5 nA. This 320 A x 320 A image indicates that an
ordered structure is formed on the surface. Some drift in the piezoelectric scanner is
evident from this image as the ordered structure is curved at the lower part of the image.
Notice that both left and right margins of the image are bright. This is due to the tip
scanning across a large area of the surface during which the piezoelectric elements
produce a parabolic type track with a minimum in the middle of the image. When the
scan area is reduced to 160 A x 160 A, a better image of the ordered structure is obtained;
as shown in Figure 4.9(a). This image is taken at -0.9 V and 3 nA shows a set of
periodic bright bands. The width of these bands measured perpendicularly across the

dark troughs is approximately 30 A. This agrees well with the expected length of a n-
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C,6Hsy molecule (32 A). Attempts were made to improve the quality of the image by
changing the bias voltage. As we can see in Figure 4.9(b), the attempts were
unsuccessful. Although the images do not give striking features such as those n-alkane
observed at the liquid/graphite interface, where each molecule is clearly resolved in the
image, the present STM results do show that ordered structure of long chain n-alkanes
can be observed on graphite surface at room temperature in an UHV environment. The
lack of molecular resolution in the direction parallel to the dark troughs may be due to the
surface mobility of the molecules as predicted. However, the presence of the troughs
show that the molecules are relatively constrained to move in the direction parallel with
their long axes. The preliminary data give evidence that molecules are lying parallel to the
substrate and formed band-like structure similar to those observed at the liquid/graphite
interface.

In order to improve the quality of the image in the future, the W tip is to be freed
of contaminants. This can be done with technique such as the electron beam heating of
the tip in vacuum. Also, a quartz-crystal microbalance is required to monitor the
thickness of the adsorbed molecules during the sublimation process. If longer chain n-
alkanes (more than 26 carbon atoms) are to be examined, a heating instrument is needed
in order to raise the vapor pressure of these n-alkanes for successful sublimation of the
molecules onto surfaces. We have just shown that UHV STM imaging of long chain #-
alkanes on graphite at room temperature is possible. This work can be extended to
imaging n-alkanes on Ag and Au metal surfaces. Previous LEED studies showed that
n-C4H 1 and n-CgH g molecules formed an ordered monolayer on Ag(111) in the
temperature range 100 - 200 K [75]. The long chain n-alkanes could be stable when
adsorbed on Au and Ag surfaces at room temperature. The movement of the n-C4oHg,

molecule is estimated to be 1 x 10-3 A/s at room temperature on a Ru surface [76]. This
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makes the long chain n-alkanes adsorbed on Au and Ag an ideal system for STM study.
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Figure 4.7 Image of graphite showing the atomic steps.
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Figure 4.8 STM image of n-CpgHsy. Ordered structure is visible in this image.
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160 A x 160 A

Figure 4.9(a) Structure of adsorbed n-C,gHs4 showing band-like feature.
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160 A x 160 A

Figure 4.9(b) Image at different voltage, but cannot resolve individual molecule.
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Chapter 5 Imaging Mechanism

What gives rise to the image contrast observed in the STM imaging of molecules?
This is a challenging and yet an unanswered question. As described in Chapter 1,
numerous imaging mechanisms have been proposed for imaging molecules. These
include resonant tunneling [13], local modification of the substrate LDOS due to the
presence of the adsorbed molecules [8], and the contribution of atomic and molecular
orbitals to the total tunneling conductance [10, 11]. It might very well be that the imaging
mechanism depends on the particular system under study. For example, it is likely that
molecules physisorbed on surfaces will yield different imaging mechanism than those of
the chemisorbed systems; and the size of the adsorbates could also be a crucial factor.

It is difficult to present an all encompassing theory to explain all the STM images
of molecules observed in this thesis work. It is not impossible however, to demonstrate
using one of the models above and to give some insights into the imaging mechanism.
The resonant tunneling model [13] is chosen and presented below.

This resonant tunneling model was first proposed by W. Mizutani. It assumes
that the tunneling current is modulated by the molecular orbitals of the adsorbed
molecules. This model was used to explain the imaging of liquid crystals on a graphite
surface. We have chosen to model the n-decanols physisorbed on graphite system in the
same way as the liquid crystal/graphite system by W. Mizutani. The tip and substrate are
modeled as a free electron gas and the molecule is modeled as a square well potential.
The dimensions of this model are shown in Figure 5.1, where dp, is the diameter of the
molecule, di,, and d, are the tip-molecule and molecule-substrate separations
respectively. To represent this system, consider the one-dimensional square well as

shown in Figure 5.2(a). In this case the left and right electrodes represent the tip and
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Figure 5.2 Resonant tunneling model representing the physical system.

A and B represent two energy levels inside the potential well.




graphite substrate respectively. Assume that there exists an energy level A which
corresponds to one of the molecular orbitals in the potential well. When a bias is applied
to one of the electrodes, electrons can tunnel from one electrode to another. If the applied
voltage is such that the tunneling electron has an energy equal to the energy level of the
molecule, the transmission through the barrier can be increased by orders of magnitude,
as in the case of Figure 5.2(b). This large enhancement in the transmission probability is
called the resonant tunneling phenomena. However even well below this voltage, there is
a measurable effect on the tunneling current. From the WKB and transfer matrix method,
it has been shown that at zero temperature and neglecting the effect of image force on the

rectangular potential barrier, the transmission probability is given by [13]

T(E)'1 = cosh2x1 cosh2x3 + sinh2x1 sinh2x3

+ 2 cosh x; cosh x3 sinh x; sinh x3 cos x»

where X1 2%[— N2m (Evac-E) dim

X3 = ;[“\/2’" (EvacE) dis
and the current density is

Er
T(E+ eV)dE + f (Ef- E)T(E + eV) dE ]

Ef— eV

Bev
— _e 1%
J(\/)___Zh_3[e [

-eV
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m = electron mass, E = electron energy, with E = 0 being the bottom of the square well
potential, E,. = vacuum level, E¢= Fermi level, e = electron charge, & = Planck

constant and V = bias voltage.

Consider the left electrode to be the W tip, and the n-decanol (n-C;oH,;0H)
molecules physisorbed on the graphite surface. We can use what is known about the
system of n-alkanols adsorbed on solid surfaces to help choose the parameters which we
will use for the simulation. The tip-molecule separation d,, and the molecule-substrate
separation d ¢ are chosen to be 5 Aand 4 A respectively [10]. From inverse
photoemission spectroscopy studies, the lowest unoccupied molecular orbital (LUMO) of
the n-alkane portion of the molecule (n-alkane tail) is located just above the E,,., and
the highest occupied molecular orbital (HOMO) is approximately 10 eV below the LUMO
[15]. If we choose d, = 2.8 A, we can obtain two energy levels separated by 10 eV.
The width dy, is adjusted to 2.8 A to generate two energy levels 10 eV apart inside the
well to simulate tunneling through the n-alkane. As shown in Figure 5.3, T(E) with
dp = 2.8 A gives two transmission peaks separated by an amount of 10 eV, and we
model these peaks as the LUMO and HOMO of the n-alkane tails. E,, is therefore
located at 11 eV. Since the work function of graphite has been measured to be around 5
eV [77], then E = 6 eV corresponds to the Fermi level (Ey) of the graphite in our model.
Electron impact energy loss spectra of n-alkanols shows a 3s OH anti-bonding state
lying close to 3 eV below E,,. [78]. We can lower the energy of the LUMO in our
model molecule by 3 eV using dp, = 3.2 A. Withd, =324, a peak about 3 eV below
the E,. is generated which we will use as the 3s OH anti-bonding state; as shown
superimposed in Figure 5.3. It is important to note that the characteristic of the T(E)

curve does not change with dy;,. Figure 5.4 displays T(E) for several d,y, and it
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f vac

Figure 5.3 Transmission probability calculated from the reson;mt tunneling
model. d, =2.8 A gives two energy levels separated by 10 eV to
represent the LUMO and HOMO of the n-alkane. d, =3.2 A gives
an energy level close to 3 eV below the E,,.. The Fermi level of

graphite is located at 6 eV.

69




107>

10°6
1077
10-8

1079
10-10;

10711

10712
10-13

10-14

10713

-

E(eV)

Figure 5.4 Transmission probability for three different tip-molecule distances

dim-

70




shows that the transmission peak (energy level) changes in magnitude but remains fixed
in energy. The current density J(V) is then calculated from V=0to V=2V ford, =
2.8 A and 3.2 A. The results are shown in Figure 5.5. In absence of the molecule, i.e.
if we let d, =0, J(V) is plotted in Figure 5.5 (c).v All the current densities display a
similar characteristics from O to 2 V. A noticeable difference in the magnitude of the
current density between tunneling through the rn-alkane and the OH can be seen in this
figure. Note that the magnitude of J(V) from the calculation is small compared with
the experimental value. These can be made comparable by decreasing d;, and not
altering the characteristic of the tunneling current.

The presence of the molecules obviously has an effect on the tunneling current.
We will now estimate this effect on an STM image. To do this, we need to calculate the
change in separation in the tunnel junction. As mentioned earlier, the dependence of the

tunneling current on separation is generally the following form
T o< Vexp (-Agl/2s)

where A=1.025 (eV1/2A)! and ¢ is the average work function of the electrodes.
Taking ¢y, = 4.55 eV [79] and @grapnire = 5 €V, the calculated change in the tunnel
junction separation As is shown in Figure 5.6. When imaging in the constant current
mode, any increase in the tunneling current will result in the tip moving away from the
the substrate in order to maintain constant current, thus yielding contrast in the STM
image. Figure 5.6 shows that As is significantly larger when a molecule is present in
between the tunnel junction; even before resonant tunneling occurs. As the tip scans over
the surface where a molecule is present, the tip will retract due to the increase in tunneling

current. This increase in the tunneling current causes large As and therefore giving
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higher contrast in the STM image that reflects the adsorbed molecules. Although the 3s
OH state is situated far away (>2 eV) from the Fermi level of graphite, the calculation
shows that the effect of this state on As can be observed below its energy. Similarly for
the n-alkane tails, which is further away from the Fermi level; a significant change in
As can also be seen from 1 to 2 V. Note that the As due to the 3s OH state is larger
than that of the n-alkane tails. This shows that the OH head groups should be easier to
observe than the n-alkane tails, which agrees with our experimental results. Figure 5.7
gives an pictorial illustration of the calculated results. At low voltages (<1 V), the
separation between the tip and the substrate surface is essentially unchanged regardless of
the presence of the molecule. At higher voltages, when the tip is on top of the n-alkane
portion of the molecule, an increased in the tunneling current causes the tip to retract in
order to maintain constant tunneling current. Similarly when the tip is on top of the OH
head group, a strong enhancement in the current causes large As. From our calculations,
the As due to the OH group is larger than that of the n-alkane tail. Therefore the OH
head group will appears brighter (higher contrast) than the n-alkane tail and the graphite
lattice in the STM image. These calculations however do not quite explain why we can
observe the n-decanol molecules at low voltages (< 0.5 V). Recent calculations based
on the local density approximation gave evidence that the molecular orbitals of atoms or
molecules adsorbed on surfaces shift and spread in energy such that they are within the
tunneling range [11]. It was shown that in the case of imaging Xe atoms on Ni(110)
surface, although the 6s Xe resonance is located near the vacuum level (4 eV above the
Fermi level of Ni), calculations showed that the broadening of this resonance resulted in
additional Xe 6s states near th_e Fermi level. Therefore the Xe atoms can be imaged with
the STM at small voltages. It is possible that the broadening of the 3s OH and the LUMO

of the n-alkanes occurs such that these states lie closer to the Fermi level of graphite and
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Figure 5.6 Change in height as a function of voltage. The Normal curve is from

dy = 0.
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n -decanol molecule

Graphite substrate

Figure 5.7 Schematic illustration of the change in the position of the tip when scans from
left to right. Open circles are the carbon atoms of the n-alkane tail and
shaded circle is the OH head group. (a) Atlow voltages, s remains
unchanged. (b) At higher voltages, s changes due to the increase in the

tunneling current when the tip in on top of the molecule.
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thus can be imaged with the STM. It is still not well understood how differing electronic
structures associated with different functional groups of a molecule would be reflected in
a STM image. As we have shown in the case of imaging n-decanol, intramolecular
imaging of chemically inequivalent functional groups within a molecule is possible. The
question of “Why molecules are bright” is not an easy one, let alone “Why half of a
molecule is bright”.

Finally, some remarks on the imaging mechanism of self-assembled molecules.
Since the molecules are adsorbed perpendicularly to the substrate, the spacing between
the tip and the substrate is now drastically increased. We have successfully imaged n-
decanol (length ~ 14A) and n-dodecanol (length ~ 17 A) on Au(111) surfaces. Longer
chain length molecules such as the C;gH37SH (length ~ 25 A) can be imaged with the
STM [51]. The tunneling process between a molecule lying parallel or perpendicular to
the substrate could be different. In the first case, ‘through space’ tunneling is responsible
due to the spatial overlapping of the tip-molecule-substrate wavefunctions. The latter
case however, a ‘through bond’ tunneling process is likely possible, i.e. tunneling arises
from the electron transfer within the molecule. Based on the Elastic Scattering Quantum
Chemistry (ESQC) calculation, it was shown that through bond tunneling gives rise to
resonant peaks in the transmission probability [80]. These resonant peaks correspond to
the molecular orbitals of the molecules situated perpendiculariy between two electrodes.
As mentioned earlier, the imaging mechanism could depend on the size of the the
adsorbates. Perhaps each system under studied yields its own unique interpretation of

the imaging mechanism.
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Conclusions

As we have shown in this work, the STM can provide detailed structural
information of simple organic molecules adsorbed at the liquid/solid interface. Initial
results from STM imaging of n-alkanes in UHV give indication that the structural
ordering of the molecules is similar to those previously observed at the liquid/graphite
interface.

The imaging mechanism associated with the STM imaging of molecules remains
unresolved. Although a simple resonant tunneling calculation can explain some of the
experimental results, it is however inadequate. The role of chemically inequivalent
functional groups within a molecule giving rise to different contrast is still unclear. We
have shown that functional groups can be independently imaged at different voltages. To
give the ultimate illustration, Figure C shows a 60 A x 60 A image of n-decanol at the
liquid/graphite interface. At 0.58 V and 0.26 nA, the image contrast yields the position
of the OH functional groups. Each dark hole corresponds to one OH head group. It is
clearly shown from this image that the OH groups are arranged in an alternate row
fashion. Separation between two adjacent holes is approximately 5 A, which agrees well
with the diameter of the molecule. However, unlike previously.shown (see Figure 3.5)
in Chapter 3, this image reveals the graphite lattice but not the hydrocarbon tails of the
adsorbed layer. The imaging parameters and conditions such as the bias voltage,
tunneling current, temperature and the integrity of the tip can have influences on the
outcome of an image. Under specific conditions, an image like Figure C can be obtained.
Some say “a picture is worth thousand words”, but Figure C represents in this case,

countless equations and endless computation time.
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Figure C 60 A x 60 A STM image of n-decanol showing the OH head groups as
dark holes. “
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Appendix A

Imaging n-Decanol at the Oil/Graphite Interface

In the initial period of STM imaging of n-alkanes and n-alkanols at the
liquid/graphite interface, it had been suggested that it is ‘easier’ to observe the ordered
structures if imaged in a heavy fluid environment [A1]. The following are the results we
obtained from imaging n-decanol in the presence of fluorinated pump oil (FPO). Sample
preparation is done by first applied a few drops of pure n-decanol on the graphite
surface. A drop of FPO is then added to the n-decanol/graphite interface. The
assumption is that the adsorbed n-decanol monolayer is ‘pinned’ on the surface due to
the presence of FPO.

Figure Al(a) and (b) show two typical images of n-decanol obtained under this
environment. The scan size is 80 A x 80 A for both images. An ordered structure is
observed but it is impossible to resolve the individual n-decanol molecule. In Figure
Al(a), the width of the bright band measured at an angle 60 ° with respect to the dark
trough corresponds to the length of two n-decanol molecules. This interpretation cannot
be done without the results presented in Chapter 2. By examining these two images
alone, it is difficult to deduce the orientation of the molecules oﬁ the graphite surface.

Figures A2(a) and (b) show a dual bias imaging of the adsorbed layer. The
results are similar to the those observed when imaging at the pure liquid n-
decanol/graphite interface. A strong voltage dependent imaging shows that at lower
voltage, the graphite lattice can be imaged without disturbing the adsorbed molecules.
Although we can not identify the structure in these images, they clearly show that in a

narrow range bias voltages, the tunneling probability can change dramatically.
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Reference to Appendix A

[Al] J. P. Rabe, private communications, Baltimore 1990.
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Figure A1 80 A x 80 A STM
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(b) 0.2V

Figure A2 Dual bias imaging of n-decanol. Image size is 80 A x 32 A.
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Appendix B

Imaging Cu-Phthalocyanine on Gold

Here we present the results of Cu-phthalocyanine (Cu-phth) on gold surface, a
minute contribution to the STM-AFM and Biological ‘Objects’ Workshop 1992,
organized and financed by the Fourmentin-Grilbert Scientific Foundation. The sample
was provided by the Maurice E. Muller-Institiit.

The Cu-phth molecules have been observed to adsorbed on Ag [B1], Cu(100)
[B2] and GaAs(100) [B3] in UHV with the STM. A drawing of the Cu-phth molecule is
shown in Figure Al. The size of the molecule is approximately 20 A. Imaging of Cu-
phth on graphite in air was previously done by first acidified the graphite surface and let a
base-substituted Cu-phth to bind on the substrate [B4]. Here we examined the
adsorption of the Cu-phth molecules on Au in an aqueous solution. B

The Cu-phth is first dissolved in n-octanol solution. A few drops of this
solution is then put on top of an epitaxially grown Au film on mica. Figures A2(a) and
(b) show the STM images obtained in the aqueous solution. The Au surface seems to be
saturated with the Cu-phth molecules. The size of the bright ‘circles’ range from 20 A to
30 A. This could be due to the electronic perturbation olf multilayers of Cu-phth
molecules, so that they appear larger in size. We do not observe these large features
when imaging the Au in pure n-octanol solution. Note that the images are taken with
voltage above 1 V, below this voltage the image reveals the Au surface. Figures A3(a)
and (b) show two 600 A x 600 A areas scanned at two different voltages. At 1.2V, the
Cu-phth molecules can be seen to adsorbed on the Au terraces. At 0.5 V however, the

surface appears to be free from the adsorbates. This strong voltage dependence

88




characteristic was also observed with Cu-phth on surfaces in UHV [B1, B2]. More
detail interpretations may be made upon comparison with results submitted by other

research groups to the workshop.

Reference to Appendix B
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(1990) 659.
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Figure B1 The Cu-Phthalocyanine Molecule.
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Figure B2 STM images of Cu-Phth on gold at (a) 1.3 V and (b) 1.7 V.
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(b) 600 A x 600 A

Figure B3 Image at two voltages (a) 1.2 V and (b) 0.5V,
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both 0.45 nA.
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