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Detailed description of the work accomplished
The work carried out is detailed below, following the Workpackages and Tasks shown inthe GANTT chart on page 60.

Workpackage 1: Fabrication of nanogaps and incorporation of nanoscale elements

Objectives
Fabrication of individual metal junctions, and incor poration and electrical analysis of nanocrystals and molecules
Development of selectively etched nanogaps on SOI wafers
Assembly and electrical analysis of nanocrystals and moleculesin nanogaps

Fabrication of single and multiple metal junctions and incorporation and assessment of nanoscale
elements within them (T2.1, T1.6, T1.7, T1.8)

At the start of the project, we investigated various ways of making individual nanogaps, either forming gaps in metal lines or
using nanopores in silicon nitride membranes. The silicon nitride membranes were fabricated and supplied by Chalmers to
Cambridge to be used in measurements on nanoscale elements (T2.1). The definition and etching of the nanopores was made
by means of e-beam lithography and dry etching. Figure 1 shows the structure of the nitride membranes and a picture of the
etched hole across the silicon wafer. In the bottom of the hole the nitride membrane can be seen. The process looked less
promising, and much harder to optimise, than the gapsin metal lines, so it was decided to concentrate on the latter.

Various techniques of making gaps in metal lines were investigated (causing a break using a high current, back-filling a
trough with metal until it nearly touched another layer of metal, and shadow evaporation). Shadow evaporation turned out to be
the most reliable and an array of similar devices could be fabricated simultaneously.

:I Silicon . Silicon nitride
. Silicon dioxide D Gold

Figure 1. Silicon chip with an etched hole across the wafer exposing the backside of the nitride membrane. The
molecules of interest can be assembled between two gold surfaces in a pore across the nitride
membrane.

We adopted and refined the shadow-evaporation method to make reliable and reproducible metal gaps. In this technique,
ultra-small gaps are formed in the crossing region of two perpendicular metal strips due the shadow cast by the first strip
during the evaporation of the second (see figure 2). Figure 3 shows close-up electron micrographs of a device before and after
the treatment with nanocrystals.
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Figure 2 Schematic diagrams of the shadow-evaporation technique, in which a thin metal line (yellow) is first
deposited on the substrate (blue), then another line, perpendicular to the first, is evaporated at an
angle to the substrate so that a shadow is cast by the first line, leaving a narrow but quite controllable
gap between the two lines.

Figure 3. SEM micrographs of a shadow-evaporated nanogap before (left) and after (right) depositing
nanocrystals (small white dots). There are far fewer nanocrystals on the silicon dioxide surface than
on the gold surfaces to which the thiols anchor them.

We have measured the |-V characteristics of over one hundred samples, each containing about 18 devices, at temperatures
between 4K and room temperature.

Initially we used an optical mask in which polyimide was used as an insulating layer at the crossing part of two different
layers of metal. Asa control, we measured the devices before putting them into the solution of molecules or nanocrystals. After
the self-assembly of molecules, or nanocrystals with anchors, on to the gold surface to bridge the metal gaps, we remeasured
the devices and compared the results, in order to find out what features are only present in the |-V characteristics when
molecules or nanocrystals bridge the gaps. A few interesting devices containing three-ring+nitro side-group molecules were
found when measured in liquid nitrogen (at a temperature of 77 K); these are shown in figure 4. These devices were open-
circuit before the molecules were incorporated into the gaps. Each device showed hysteretic and somewhat irreproducible
behaviour. For example, in one device (fig. 4(a)) when it was (nominally) negatively biased the current increased gradualy
until, at —0.57 V, the current dropped sharply from 2 nA to 0.4 nA (red, solid curve). But when the voltage was then swept up
to positive bias (green, dotted curve) there was negligible current, showing some hysteresis or “memory”. When this device
was remeasured shortly afterwards, similar behaviour was observed, but there was a shift of the current peak position and
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height (usually the peak voltage was around 0.4-0.6 V). Other devices shown in the same figure showed similar results (each
of the dark blue, light blue and magenta curves is for a different device). In another device (fig. 4(b)) on the first sweep down,
at —1.26 V there was sharp drop in the current from 21 nA to 2 nA and the current stayed low on the sweep back up, until at a
positive bias of 1.19 V there was a current peak, followed by a sharp drop from 7 nA to 1 nA. On the next sweep down and
thereafter, neither peak wasvisible.
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Figure 4 I-V characteristics of shadow-evaporated gaps with three-ring molecules with nitro side-groups, that

showed NDR at positive and/or negative bias.

These results could not be reproduced on many similar samples, so we believe that cleaning is very important for self-
assembly of molecules. We therefore introduced much stronger cleaning methods, using an oxygen plasma and part of an
“RCA clean” (one widely used in the semiconductor industry). These cleaning methods can destroy the polyimide layer and so
anew mask was designed and made by Chalmers. It has just two metal layers and is suitable for all kinds of cleaning.

There are several reports about the electrical trapping of nanoscale elements between metal gaps and we tried this technique
as well. It turned out that NDR could be observed in samples while in the solution containing three-ring molecules (peak at
0.58 V, 82 nA, peak-valley ratio 1.3:1) on sweeping up, but on sweeping back down, no such behaviour was observed. What is
interesting is that whenever we swept up again without delay no NDR behaviour was observed. But if we waited for some time
this kind of behaviour was repeated, showing some kind of “memory”. We varied the waiting time from minutes to tens of
minutes and even hours, but no definite waiting time was found: sometimes after 10 minutes the NDR behaviour reappeared,
sometimes we needed to wait for several hours, even for the same device. If we took the sample from the solution and dried it
with nitrogen, no such behaviour was observable, but when put back in the solution of molecules, the NDR returned. Similar
behaviour was seen with solutions of nanocrystals. The behaviour differed from that of molecule solutions in that in the first
sweep there was no NDR behaviour but in the following sweeps, at both negative and positive bias, there was NDR. In
different sweeps the peak positions and current heights vary and in some sweep there were double NDR peaks.

It turns out that such complicated behaviour can be just an electrochemical property of this kind of solution and not intrinsic
to the three-ring molecules or nanocrystals on their own—the electrodes and the electric field in the solution cause the current
flowing through the liquid to be affected by the properties of the molecules. Thus this investigation was not taken any further.
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Figure 5 Current and conductance for a 4.2 nm nanocrystal device at 4.2 K (red) and 77 K (green).
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Figure 6 Current and conductance for a 4.2 nm nanocrystal device at 4.2 K.

Cleaning the samples before incorporation of molecules or nanocrystals makes an obvious difference, and it is now possible
to get some working devices without much difficulty, though with quite a low yield (14 per set of 18 devices). Fig. 5 shows
an |-V characteristic of nanocrystals with a diameter of 4.2 nm, measured at a temperature of 4.2 K (in liquid helium) (red,
solid line, left axis). Also shown is the corresponding conductance spectrum (di/dV versus V) (red, solid line, right axis).
Around zero bias, the current is suppressed, either due to Coulomb blockade of single-electron tunnelling or because the
energy levels in the nanocrystal do not lie between the Fermi energies in the two leads. The various properties of such
“quantum dots’ are well known, though such effects have hardly ever been measured for nanocrystals since the nanocrystals
are so small. When we sweep down, a current step appears at -81 mV, which may either be due to “Coulomb staircase”
(providing enough energy to add an extra electron to the dot) or to the alignment of the Fermi level of one electrode to an
energy level in the quantum dot, giving rise to resonant tunnelling of electrons. The corresponding conductance peak shows the
position of the step more clearly. The peak is followed at more negative bias by three other peaks. These four peaks have quite
different characteristics. besides the different peak positions of the bias the width of the peaks are quite different: the first and
third have a width of about 50mV, meanwhile the second and fourth have a width of about 100 mV, suggesting that these two
peaks may be decomposed into two peaks. This can be seen clearly from the second negative-bias peak in the conductance. It
is interesting to note that the spacing between these four peaks is not uniform, ranging from 150 mV to 300 mV. At positive
bias the first peak appears at 155 mV, followed by another four peaks. As at negative bias, these peaks are quite different in
peak shape, height and spacing. This device is quite stable when the voltage is swept up and down. The current and
conductance are shown for the same device at liquid-nitrogen temperature (77 K) (green, dotted lines). At this higher
temperature the steps are smeared out and the peaks are not as sharp as at 4.2 K. Fig. 6 showsthe |-V characteristics of another
device at 4.2 K. Asfor the previous device, the peaks differ in shape, width and spacing. What is more striking is that, moving
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away from zero biasin either direction, the heights of the peaksincrease. The height ratio of the highest (3" in the negative and
positive bias) to lowest height is about 7:1.
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Figure 7 Sets of current and conductance curves for two 3.5 nm nanocrystal devices (left panel) and three 2.4

nm nanocrystal devices (right panel).

We have made smaller metal gaps by reducing the evaporation angle in order to measure the 1-V characteristics of smaller
CdSe nanocrystals, with a size of 3.5 nm or 2.4 nm. We find in our experiments that the number of steps (or peaks in
conductance) is much less than for the larger (4.2 nm) nanocrystals. Generally only about four steps in total are stable and
reproducible. Some of the results are shown in fig. 7. It is worth noting that that the spacing between peaks is very similar to
those of larger size and no size effect is noticeable. We need measurements of more similar samples to confirm these
conclusions.

What isinteresting in the smaller nanocrystalsis that for both the 3.5 nm and 2.4 nm sizes, we have some working devicesin
which the height of peaks shows some regularity as shown in fig. 7. For example, for a particular device (dark curves, lower
right panel of fig. 7), when we sweep down at around -50 mV there is a small peak, followed by a high one at -100 mV; in the
meantime at positive bias a small pesk appears at 80mV, followed by a high one at 130 mV. The two small peaks are not
symmetric about the zero bias and the gap is 130 mV. This behaviour may be the so-called “odd-even” effect in quantum dots,
which means that the conductance of quantum dots depends on the total number of electronsin the dot. When the total number
is even, each spin-degenerate level is doubly occupied and there is a large energy gap (Coulomb energy plus single-particle
energy), so the conductance is low. Conversely, when one state is singly occupied, the next electron can tunnel into the same
energy level according to the Pauli Exclusion Principle, so the energy required to add another electron (or hole) is only the
Coulomb energy, and thus the peak spacing should be smaller and the conductance may be higher. This is also suggested by
the fact that the spacing between the two peaks at negative bias is almost the same to that at positive bias. The first peak at
negative bias corresponds to the situation when the first electron can tunnel into the dot and out, giving rise to some amount of
measurable current and a step in the I-V. The charging energy is the spacing we can see between the two peaks at negative
bias, and asimilar gap is seen at positive bias too.

One has to be careful to distinguish between effects of nanocrystals or molecules, and those of other particles in the gap.
Once we obtained a very clear “staircase” in the |-V characteristic, showing at least 14 nearly equally spaced steps (peaks in
the conductance). The spacing was about 120 mV. The height was quite uniform except for one near zero bias, which was

17



Project number: | ST-1999-10323 Date: 29/08/2003 SANEME final report — Part 2 Commercial in Confidence

suppressed in height for some reason. The device was stable at 4.2 K and the steps in |-V could still be resolved above 77 K,
though they were becoming smeared out. This behaviour seemed too regular for a molecule, and it may in fact be Coulomb
blockade through a metal island (grain) in the gap, since the gap is only 2 or 3 nm wide and occasionally a metal grain may
occur in asuitable place. This highly regular behaviour has not been seen in any other real or control samples.

We have also made some working devices that should contain molecules instead of nanocrystals. After self-assembling three-
ring molecules (without side groups), we find another kind of 1-V behaviour: a gap of between 180 mV and 400 mV around
zero bias (at 4.2 K and above), with arather linear 1-V characteristic on either side. One such sample gave the results shown in
figure 8(a) and (b). The reason for this behaviour is unclear, though it looks like Coulomb blockade with a single barrier (e.g.
at one end of the molecule, or the gap itself with no molecule). There are some possible reasons why such an effect may occur:
reduced purity of the molecule solution or stability of the molecules in the solution, or the molecules are in different position in
the gaps or there are different numbers of moleculesin the gaps.
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Figure 8 Current and conductance curves for a three-ring molecule device (a, b) and a five-ring molecule
device (c, d).

We found one working device using the recent batch of five-ring molecules, which was quite stable at liquid-helium
temperature (fig. 8(c) and (d)). This device has a first peak at negative bias of 32 mV, followed by five other peaks. These
peaks are quite different from each other both in peak height and spacing between peaks. The first peak in the positive biasis
the highest and it occurs at 37 mV, giving rise to agap of 69 mV. As at negative bias, these peaks are quite different from each
other both in intensity and spacing.

In summary, we have measured nanocrystals and molecules in gaps made using a shadow-evaporation technique in which
arrays of similar gaps of width down to 2 nm may be patterned simultaneously. There is, as yet, little reproducibility in 1-V
characteristics between samples, but the general behaviour is fairly consistent, and such results are not obtained in control
samples made without incorporation of nanoscale elements. NDR was measured on a few samples before surface cleaning was
introduced, suggesting that perhaps it arose as a consequence of poor adhesion of a molecule to the electrodes, with the
molecule becoming temporarily detached in a high electric field. The staircase behaviour that we usually see could be
Coulomb blockade or single-particle levels, and a gate voltage is needed to distinguish between these two possibilities. In all
our recent samples, the substrate was doped silicon, with a thin (~15 nm) oxide layer on top in the region of the gaps (it was
thicker under the bond pads to prevent leakage). However, we have been unable to see any effect of the gate on the |-V
characteristics of any of the many samples measured. Thisis probably due to the fact that most of the electric field lines will go
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from the gate to the source and drain electrodes, and only a very small amount of electric field will penetrate into the gap to
affect the nanocrystal or molecule. Reducing the thickness of the electrode metal (below its current 15 nm) may help to keep
the nanocrystals or molecules close to the substrate where the field is stronger.

Development of selectively etched nanogaps on semiconductor wafers, and electrical analysis (T1.6, T1.7,
T2.4,T2.5)

The main aim of the project was to develop processes to fabricate, on a large scale, arrays of reliable nanogaps of a chosen
size (~5 nm) with good yield and reproducibility and to incorporate nanoscale elements within them. Firstly, in Cambridge
metallic gaps were investigated on Si substrates, as their properties were moderately well known. For example, gold does not
oxidise, and there is no depletion region. We adopted a technique of shadow evaporation past a step made from a layer of well-
controlled thickness. This allows us to make arrays of gaps, of size between 2 and 6 nm, with adequate reliability. Thiswork is
described above.

The second main approach planned and pursued was the selective etching of semiconductor layered structures. The plan
originaly was to bond two oxidised silicon wafers together so that their oxides merged to form a thin sacrificial layer.
However, early in the project ideas were generated on the use of the MOS gate stack itself instead. This would alow the
formation of a silicon-insulator-silicon structure that was actually part of a MOSFET itself, opening a very elegant way of
integrating MOSFET s and molecular elements. The electrodes surrounding the insulator consist of the silicon substrate and the
highly doped poly-crystalline silicon gate. Figure 9 shows such a MOS structure as well as the schematic structure of the
device. Different structures with oxide thickness between 2 nm and 15 nm have been made. Since the insulator thickness is
close to or within the direct tunnelling range, electrical characterisation has been made of the MOS structure itself. Figure 10
shows |-V curves for such devices with a5 nm oxide. The basic idea is to assemble the molecules at the edge of the stack. If
the molecules bridge the insulator their electrical properties can be investigated or utilised. Both the mono-crystalline silicon
substrates and the polycrystalline silicon film were highly doped to accomplish the experiments planned in Task 2.4 of the
original project proposal.

At Chalmers and Cambridge, nanogaps were made by selectively etching away the oxide from the side of an MOS structure.
Nanocrystals were incorporated into the gaps, but without any anchor molecules to bind them in place. A small contact area
was used to minimise leakage effects. There is enhanced conduction in the presence of nanocrystals, but negative differential
resistance (NDR) was observed only in the first sweep of each nanogap, and appearsto be largely due to some instability of the
nanocrystalsin the gap.
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Figure 9 Cross-section (schematic and SEM micrograph) of the investigated structure with a few-nanometre-
thick insulating SiO; interlayer between a silicon substrate and a polycrystalline silicon over-layer.
Selective etching of the silicon dioxide will result in a nanogap.
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Figure 10. Leakage current for structures with 5 nm oxide thickness, thin oxide area of 5000 um” and a 500 pm

long active edge. The low leakage current for voltages up to 3V is promising for future experiments.

The batches of MOS-type silicon-oxide-silicon wafers were fabricated and processed at Chalmers and then evaluated
electrically. For selected structures, with low leakage currents, further electrical evaluation was carried out, looking at the
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effects of different chemical surface treatments, including trying to incorporate nanocrystals to see the effects on room-
temperature |-V characteristics.

The nanogap device consists of a pit etched through the n-type polycrystalline silicon over-layer, through the thin oxide and
down into the silicon substrate. The devices have a non-destructive contacting area with aluminium on top. The activation of
the devices consists of an HF etch to remove native oxide from the silicon surface and to dig into the thin oxide interlayer to
give rise to a nanogap. See figure 9. This activation etch leads to a significant deterioration of the [-V characteristics, which
can be observed as an increase in leakage current even on empty contact pads (with no nanogap connected). This leakage sets a
resolution limit of about 0.1-1 pA for devices that have seen HF-activation. There are also charging effects observable on the
timescale of seconds to hours when contacting empty pads after etching.

I-V characteristics for awafer with a highly doped n-type substrate and an oxide of approximately 14 nm are shown in Figure
11. In figure 11 the blue, dash-dotted curves are for pristine devices which have seen no HF-treatment. The curves are very
nice and show an oxide of adequate quality and good breakdown features (Egp 10 MV/cm). After etching the black, solid
curves appear. In the low-current region, before Fowler-Nordheim (FN) tunnelling is seen, we observe an excess current of
unknown origin. It is not unlikely that an air-gap instead of an oxide gap could produce this kind of effect, but asis clearly
seen in the figure, the etched |-V characteristics match the un-etched ones at high enough bias. The current in the FN-regime

above 14 V is more or less unaffected by the HF etch. It thus seems unlikely that the major part of the thin oxide interlayer was
etched away in the previous step.

Applying a solution of nanocrystals (dissolved in toluene) gives the red set of curves. Each curve is a single-shot
measurement of a different, equivalent, device. Note the rich structure of the red set of 1-V curves including what appearsto be
negative differential resistance behaviour. These |-V characteristics are, however, not stable, and in figure 12, the dotted curves
show what 1-V curves look like both after just etching and re-measuring (lower dotted curve) and after nanocrystal application
(upper dotted curve). Both |-V characteristics could be due to the leakage also present in empty pad structures.
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Figure 11 Current-voltage characteristics for n+-type substrate 14 nm oxide nanogap devices without (blue,

dash-dotted) any treatment, after an HF-etch (solid, black) and after subsequent exposure to
nanocrystals in toluene (red/dashed).
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TOMIO2-5. Similar to figure 11, but characteristics after later measurements are also shown (dotted

These devices of figure 12 are also on a highly doped n-type substrate, but the oxide layer is thinner, estimated at 5 nm. In
figure 13 we again see good initial features in the solid curves for un-etched devices, and again the HF-etching givesrise to a
current enhancement in the low-voltage region (dashed curves). Exposure to nanocrystals in toluene gives a very large current
enhancement, which is aso very much different from device to device (not obvious from the figure), where “typical” curves

are like the two displayed dash-dotted examples.
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Figure 13

TOMI02-6. Current-voltage characteristics for n+-type substrate 5 nm oxide nanogap devices without

(solid) any treatment, after an HF-etch (dashed) and after subsequent exposure to nanocrystals in

toluene (dot-dashed).
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In Figure 14 is shown a sample made from a wafer moderately doped n-type, and the oxide is approximately 6.5 nm thick. A
similar picture to the one of previous figures appears in figure 14. The pristine devices (solid curves) look good as usual, and
the etching gives an increase (dot-dashed). The uppermost dotted curve is for nanocrystal exposure, whereas the dashed curves

are for subsequent measurements on etched samples, and the lower dotted curve is for a subsequent measurement on a device
with nanocrystals.
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Figure 14 Current-voltage characteristics for n-type substrate 6.5 nm oxide nanogap devices without (solid) any
treatment, after an HF-etch (dot-dashed) and after subsequent exposure to nanocrystals in toluene
(sparse dotted). Subsequent measurements on etched devices are dashed curves, and a subsequent
measurement for the device with nanocrystals is the lower dotted curve.

To sum up the results of figures 11 to 14, the device structures display a problematic instability although interesting effects
can be observed in the |-V characteristics after nanocrystal exposure. We therefore have moved on to do the measurementsin a
controlled atmosphere, where oxidation is inhibited during measurements in order to discriminate to what extent the presence

of air is responsible for the observed instabilities and leakage currents. However, we have observed the same instabilities
recently even in a vacuum.

The critical final stage of the silicon nanogap device fabrication was investigated in detail (task T2.2), using different
chemical treatments to activate the nanogap. A number of well-defined post-processing treatments have been used on chipsin
the batch. These include, for example, etching in HF (hydrofluoric acid) or washing in toluene or ethanol. In Table 1 the
treatments are defined in detail. Etching of the device is made to remove any native oxide formed on the silicon surfaces. We
used 5% HF and etched for 60 s. Molecules and nanocrystals are often delivered in solution with some solvent. To study the
effect of solvents, chips were dipped in a solvent for 10 s after the etching. Nitrogen was used for drying the chips. Toluene,
chloroform and ethanol were used in different experiments.

Experiments were carried out where droplets of conducting or insulating molecules were put on chips after etching.
Polystyrene (dissolved to 0.1 mg/ml in chloroform) was used as the insulating type of molecules. It has a resistivity of 10™ to
10" Wem. For the case of conducting polymers, polyhexylthiophene (dissolved to 0.1mg/ml in chloroform) was used.

Nanocrystals of CdSe with diameters of 4 and 5.2 nm, supplied by Cambridge, were used for the experiments. The surfaces
had been passivated with tri-n-octyl-phosphine-oxide (TOPO). Toluene was used to dissolve the nanocrystal powder to a
concentration of 17 mg/ml. The solution was filtered using a 0.45 mm filter. When preparing devices, droplets of the
nanocrystal solution were put on freshly etched chips. After letting the toluene evaporate, electrical measurements were carried
out. Experiments with gold clusters were also performed. After activation of the silicon dioxide surfaces, gold clusters were

applied to some chips. In this case the gold particles had a size of 5-7 nm. The electrical measurements are described under
WP4.2.
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Treatment name Description
etchchloroformprocessO HF 5% 60s, Rinsein DIwater 10s, Nitrogen blow, Dip in chloroform 10s stir,
1 Nitrogen blow

HF 5% 60s, Rinsein DIwater 10s, Nitrogen blow, Dip in ethanol 10s stir, Nitrogen

etchethanol process01
blow

etchprocess07 HF 5% 60s, Rinse in DIwater 10s, Nitrogen blow

HF 5% 60s, Rinse in DIwater 10s, Nitrogen blow, Dip in toluene 10s stir, Nitrogen

etchtol ueneprocess01 blow

HF 5% 60s, Rinse in DIwater 10s, Nitrogen blow, Dip in acetone 60s, Nitrogen
ol dorocess0l blow, Boil 15minin IPA+ tri-ethoxy marcapto propyle silane, Anneal 100C for max
goldp 5min, Dip in goldcluster 5-7nm TOABr solution for 2hours, Dip in toluene, Nitrogen
blow

HF 5% 60s, Rinse in DIwater 10s, Nitrogen blow, Drops of 0.1mg/ml (A)

moleculeprocess03 polyhexyltiofen, Let dry

HF 5% 60s, Rinsein DIwater 10s, Nitrogen blow, On selected components: drops of

moleculeprocessna 0.1mg/ml (A) polyhexyltiofen, Let dry

0 i i i i .
moleculeprocess0s HF 5% 60s, Rinse in DIwater 10s, Nitrogen blow, Immediately: Drops of 0.1mg/ml

polystyrene bottle MOL010
HF 5% 60s, Rinsein DIwater 10s, Nitrogen blow, Immediately: put on 2ul
nanocrystal process03 NANOXO00L
Acetone dip 60s, Nitrogen blow, HF 5% 60s, Rinse in DIwater 10s, Nitrogen blow,
nanocrystal processn4 Immediately: put on 2ul NANOX001
. Dip in acetone, dip in DIwater, Al-etch, dip in Diwater, HF 2% 30s, dip in DIwater,
nickelprocess01 Nitrogen blow, nickel 5nm on front, RTP 800C 60s N2
nickel process02 nickelprocess01 + H2S04:H202 3:1 70C 5min
Table 1 Treatments

An obvious problem with silicon electrodes is the instability of silicon in air. A metallic electrode material, stable in normal
atmosphere, would be a much more preferable choice. To maintain the CMOS compatibility silicides have been investigated as
electrode materials. Silicides are well-known in CMOS processing, many silicides are fairly stable in air and some of them
show work functions not too different from the work function of gold. This makes the silicides interesting materials as
electrodes for assembly of nanoscaled elements in CMOS compatible structures. Silicidation using Ni has been implemented in
the device structure (task T2.5), and the outcome has been characterised by XPS and by electrical measurements. Silicidation
does occur resulting in sufficiently good electrical contacts and low surface leakage currents to be a valid candidate for
nanogap contact improvement.

The first part of this task focused on developing a manufacturing process for two types of silicides, namely nickel-silicide
and palladium-silicide. Secondly a salicide (self-aligned-silicide) process was developed and tested on nanogap device
structures. XPS (X-Ray Photoelectron Spectroscopy), SEM (Scanning Electron Microscope) (see Figure 15), four-point-probe
and current-voltage measurements were used to verify the results of the experiments. The experiment concerning palladium-
silicide was unsuccessful due to the fact that the palladium-metal used was not a pure metal but a palladium-gold alloy and
therefore this experiment was later discarded. The nickel-silicide experiments worked better and silicides of both a
monosilicide phase (NiSi) and a disilicide phase (NiSi2) were manufactured and characterized. Unfortunately XPS spectra
indicated that all samples experienced more or less contamination from Cr and C, due to cross-contamination in the metal
depositing step, as well as a considerable surface oxide (Figure 16). In the salicide process removing the residual nickel after
silicidation presented a problem since the nickel had changed into an oxide phase during annealing, but current-voltage
measurements indicated that the nickel oxide was insulating and therefore this problem could probably be disregarded (see
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Figure 17). The result of Figure 17 shows that we have a working process to create a nanogap structure with silicided
electrodes. A lot of work remains to be done regarding such nanogaps. This includes further developments of the silicide
process and investigations of the electrical characteristics of the contact between nanoscale elements and various silicides.

In Cambridge, the assembly of akane dithiols, and of the three-ring pheneylene-acetylene oligomer with a nitro side-group,
on nickel silicide surfaces was shown for the first time. We have confirmed the presence of self-assembled monolayers using
FTIR and contact-angle measurements. Monolayers of both dithiols and conjugated oligomers have been used to attach CdSe
nanocrystals to silicide surfaces, as confirmed by photoluminescence experiments. These results are encouraging for the future
use of silicide electrode structures for molecular electronic devices containing either nanocrystals or conjugated molecules.

Figure 15 SEM image of the silicide-processed nanogap device structures after selective etching of nickel.
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Figure 16 a) XPS spectrum of the sample annealed at 600C after ion etching. The spectrum indicates that a

silicide has been formed. Most of the contamination has disappeared while an Ar signal is starting to
show as a consequence of the ion etching process. b) XPS spectrum of one of the samples from the
salicide process. The presence of a Si signal in the spectrum implies that the deposited Ni-film has
reacted with the underlying SiO; during annealing.

We have also developed another approach to anchoring and measuring single CdSe nanocrystals between semiconductor
electrodes. Nanocrystal's assembled between semiconductor electrodes may exhibit negative differential resistance (NDR) due
to resonant tunnelling between the highly doped semiconductor leads (which have a much smaller Fermi energy than in a
metal) and the quantum-confined levels in the nanocrystals. Self-assembly of nanocrystals or molecules on Si has been found
to be difficult, since thiol endgroups do not bond to Si, and much more complicated chemistry needs to be developed in future
for such atechnique. We showed that thiols will anchor to a GaAs substrate,® so we chose to try to use molecul ar-beam-epitaxy
(MBE) grown GaAs/AIAS/GaAs heterostructures instead of MOS structures. Pillars 100 mx100 m in size are made by
reactive-ion etching. Afterwards, a selective etch removes parts of the AlAs layer in the heterostructure (Figure 18). The AlAs
layer in these heterostructures is selectively etched by 5s hydrofluoric acid etch, opening up a gap between the highly doped
GaAs layers (Si, doping 1-10" cm™®). We reproducibly fabricated these electrodes and obtained electrode separations of 5-20
nm.
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Figure 17 Current-voltage measurements of devices on a silicide-processed and nickel wet etched chip. The

curves marked “Empty pad” show measurements performed on thick oxide devices without an active
edge and indicate that the nickel oxide remaining in the SiO,-masking is insulating. The similarity
between measurements performed on a thin oxide device without an active edge (“Thin oxide”) and
an active edge with a 15nm gap (“Active edge”) indicates that the silicide does not cover the gap.

We use self-assembly to incorporate the CdSe nanocrystals in between the semiconducting electrodes. The self-assembly of
CdSe nanocrystals on differently doped GaAs substrates was reported recently by us® First, a self-assembled monolayer
(SAM) of akanedithiols is formed on the electrodes, functioning as a tunnel barrier. Secondly, the nanocrystals are self-
assembled on to these alkanethiol-covered electrodes.

Figure 18 (A) Selectively etched GaAs/AlAs/GaAs heterostructure. (B) The 20 nm gap at higher magnification.

For electrical measurements we used shallow Pd/Ge ohmic contacts, which were annealed at 3506C for 5min.. Figure 19
shows the current-voltage characteristic of a 100 mx100 m GaAs/AlAs/GaAs pillar. In comparison to measurements of single
CdSe nanocrystal's between metal electrodes, we have a nA leakage current through the barrier. In the future, we will decrease
the size of the pillars to reduce the leakage current. We should then be able to measure the electrical behaviour of single CdSe
nanocrystals in the GaAgAIAs/GaAs heterostructures. The tunnelling through the decreased pillar size can further be
decreased by ion-implanting or selective oxidisation [T. Takamori, K. Takemasa, and T. Kamijoh, “Interface structure of
selectively oxidized AIASGaAs’, Appl. Phys. Lett. 69, 659 (1996)] of the remaining AlAs layer.
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Figure 19 Current-voltage characteristic of a 100 m - 100 m GaAs/AlAs (6nm)/GaAs pillar at 77K.
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Figure 20 Au metallization of a selectively etched GaAs/AlAs/GaAs heterostructure.

We are also studying a third technique to produce metal electrodes separated by a few nanometres. This technique is a
combination of shadow-evaporation and selective etching (Figure 20). The only difference between this technique and shadow-
evaporation is the substrate, which in this case has sharper edges and therefore produces a sharper shadow. The gaps and the
metallization can be fabricated very reproducibly, achieving smaller electrode separation than with shadow-evaporation. In
contrast to the easier fabrication of the electrodes, the fabrication of gates is more difficult, though it should be possible to use
the doped GaAs layers as a gate, right beside the metal electrodes, utilising the Schottky barrier between them to avoid gate
leakage. These metallic gaps can potentially be used to measure the electronic properties of the much smaller phenylene
ethynylene trimersin contrast to the larger CdSe nanocrystals.

Workpackages 2 and 3: Synthesis, modelling and assessment of functional molecules and nanocrystals

Objectives
Synthesis of conjugated molecules
Synthesis of cadmium chalcogenide nanocrystals and anchors
M odelling of energy levels of molecules (nanocrystals)
Physical and electrical characterisation of molecules (nanocrystals) on surfaces

WP2.1 Synthesis of conjugated molecules (T4.3, T4.5)

The initial activities involved the synthesis and characterisation of the three- and five-ring phenylene long chain molecules,
as originally reported by Tour et. al.. It was also planned to synthesise longer chain molecules with seven and nine rings, but
because of difficulties caused by low solubility that made isolation and purification difficult these routes were not pursued.
Instead, efforts were concentrated on preparing three- and five-ring molecules with long aliphatic side chains to enhance the
solubilities of these molecules (Task T4.1).
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In addition to re-preparing the previoudy reported “Tour Wire” molecules, and those containing nitro substituents on the
central arene ring, effort was put into developing new synthetic routes to introducing aliphatic side groups onto the arene rings
to enhance the solubility of these systems. This work represents an original development on previously published material.
The synthetic route is as follows, and isillustrated for the three- and five-ring systems shown in Figures 21-24.

‘BuLi

'O' > H25C12®Cle25 HIO; [
CaaHasBr \
H25C12 Ci2Hzs

t I, ACOH,
BuLi cal, |

T|P84<: :}—:
ACSQI Pd catalyst

CioHos

SAcLi

H25C12

K,COy/MeOH

C12oHzs

H25C12

Figure 21

The key reaction that makes the formation of the five-ring system from the three-ring is the use of the TIPS reagent, and its
lower reactivity compared to the TM S stabilises the intermediates.

CioHos
O - OO
Pd catalyst
Y
RS S E R g e
HosCq0

Figure 22
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Figure 23

The mixed TIPS/TMS reagent may be prepared by using a mixed iodo/bromo precursor. This difference in reactivity allows
subsequent reactions to be carried out on one end of the poly-yne only, so that the compound can be selectively deprotected.

The details of the reaction are provided in Figure 24.

TIPS

\ _/

KOH, MeOH

-

TIPS—I

-
-

TIPS T™MS

Figure 24

Task 4.3, 4.5: Developments in the synthesis of long-chain molecules has continued. As indicated in the previous report
some difficulty was experienced in the synthesis of some of the longer chain molecules because of solubility problems, and
because of difficulties in separating and purifying the longer chain molecules from the reaction mixtures. Attempts to
overcome these difficulties have been incorporated into the syntheses of the second generation molecules, designed from the
first generation systems in the light of computational studies. Solubility has been enhanced by attaching long alkyl side chains
to selected arene rings in the three- and five-ring phenylene ethynylene molecules, as shown for the five-ring system in Fig. 25,
and these molecules have been characterised where the akyls, R, are CsH13 and CyoHos akyl chains.
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Figure 25

The reactions are achieved by a coupling reaction using a Pd(0)/Cu(l) catalyst. In the example shown two of the rings have
been functionalised by the electron withdrawing nitrito groups, as systems that contain this group have been shown to have
enhanced NDR properties compared to those systems that have an unsubstituted arene ring. The final step of the reaction
introduces the 1,4-iodo-thioacetate-arene compound to each end of the conjugated molecule. This reaction results in the
elimination of HI, and the attachment of the thioacetate-arene group to each end of the chain. The thioacetate group may

simply be converted to the terminal thiol by tr
into the nanogap.

eatment with base, thus providing the anchors for attachment of the molecule

A complication with this reaction is that, although there is free rotation about the acetylinic bonds, there is still the possibility

of obtaining isomers asillustrated in Fig. 26. It
of these may negate the polarity perpendicular t

has not proved possible to separate these isomers, and, potentialy, the presence
o the chain direction.

Figure 26

Attempts to prepare the seven- and nine-ring
only partially successful, partly because of the

NO, R NO,
Acs@ — /:< = /:< = /:< — o SAc
_ \ /7 \ 7 N\ / \ 7/
R>_/
4a,b
Acs@ — - — B — B — B SAc
_ N\ / N\ // N\ / N\ /
R>_/
4a'b’
Acs@ = o = o =— - — N SAc
_ N\ 7/ N\ / N\ 7 \ 7
R>_/

phenylene ethynylene ring molecules, using the same synthetic strategies, were
low solubility of the materialsin arange of organic solvents, and partly because

of the difficulty in separating the pure compounds from the reaction mixtures. Therefore, it was decided to concentrate on the
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preparation of shorter molecules that contain extended aromatic systems in place of the central arene ring, that would introduce
atwist in the central chain and thus alter the deloclisation of the p-electron cloud along the chain. These experiments were
designed to test he structure/property correlation proposed by the theoretical calculations on these systems. The genera
synthetic strategy for preparing this class of moleculeis shown in Fig. 27.

X
+

N
(%]
>
(@]

Pd(dba),, Cul, Pr,NEt, THF, 25 °C

AcS \ / — X \ / SAc

X = an aromatic or pseudo-aromatic spacer group

Figure 27
Using this strategy the range of X groups illustrated in Fig. 28 were introduced into the long-chain molecules.

Figure 28

From either crystal structures of the free molecules or from crystal structures of alkynyl-gold complexes that contain this
central unit, X, it is possible to determine the angle of twist [Lewis, J.; Long, N. J.; Raithby, P. R., Shields, G. P.; Wong, W.-
Y.; Younus, M.; J. Chem. Soc., Dalton Trans. 1997, 4283-4288, and ref. 9] between the adjacent aromatic ring systems in
compounds 5-11 in the solid state. These are listed in Table 2.

Compound 56| 7 8 9 10 | 11

Twistangle(deg.) | 9 | 4 | 15 | 72 | 67 | 81 | 72

Table 2

31



Project number: | ST-1999-10323 Date: 29/08/2003 SANEME final report — Part 2 Commercial in Confidence

The next stage of the project involved introducing a transition-metal containing fragment into the molecular chain. The
fragment chosen was the trans-Pt(PRs), fragment (R = Et, "Bu) because the relative kinetic inertness of the platinum centre
eliminated the possibility of cis/trans isomerism during the reaction. The 3" row transition metal also imparted strong spin-
orbit coupling to the system, which has been shown previously to make the excited triplet state in delocalised molecular
systems accessible [Wilson, J. S.; Chawdhury, N.; Al-Mandhary, M. R. A.; Younus, M.; Khan, M. S,; Raithby, P. R.; K&hler,
A.; Friend, R.H.; J. Am. Chem. Soc. 2001, 123, 9412-9417]. The presence of the akyl phosphine groups enhanced the
solubility of the resultant products. The strategy for the synthesis of these molecules is shown in Fig. 29, and involves the
coupling of the metal chloride to the acetylene using a copper iodide catalyst.

| 3
Acs—@x == XOSAC
P

R,

3
X = nothing (12) | @—: )
13 14
NO,
15

Figure 29

The importance of the preparation of the series of compounds 12-15 has been reinforced recently by a recent independent
publication on compound 12 which shows that this material has better conducting properties than the purely organic systems
[Shull, T. L.; Kushmerick, J. G.; Patterson, C. H.; George, C.; Moore, M. H.; Pallack, S. K.; Shashidhar, R.; J. Am. Chem. Soc.
2003, 125, 3202-3203].

Concomitant with the synthesis of the long-chain molecules has been the development of the chemistry of the end groups.
From previous studies the thiol system has been the preferred anchor for attaching a wide variety of long-chain molecules to
metal surfaces. However, the nature of the interaction between the thiol sulphur and the surface metal atom or atoms is not
fully established. In order to probe the coordination mode of the sulphur atom a number of model compounds formed by the
interaction of gold triphenylphosphine chloride with thiol-terminated ligands have been prepared. The crystal structure of one
of these molecules, that was prepared from the dithiol, HS(N,C,S)SH, by reaction with two equivalents of (PhsP)AuCl, is
shown in Fig. 30. The key structural parameters are the P-Au-S angles, average 175.8° and the Au-S-C angles, average 102.3°,
that show that the sulphur bonds to the gold atom through a lone pair and indicates that with a thiol attachment, the anchored
long-chain molecules will not lie perpendicular to a gold surface but at an angle to it. This angle may not be very different
from the tetrahedral angle of 109.5° suggesting that a single bound molecule may occupy a relatively large area above the
metal surface.

Figure 30
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As an dternative to thiol-based anchoring groups, molecules that contain nitrogen donors that may interact with a variety of
surfaces have been investigated. These studies have centred around the ethynyl pyridines illustrated in Fig. 31 because these
molecules have acetylenic functionalities that can interact with either a metal centre of a conjugated organic molecule to form
part of a chain, and the nitrogen centre is available for coordination to a Lewis acid centre, which may be the surface of a
support.

Figure 31

To date, these molecules have been treated with PhsPAUCI, in the presence of NaOMe, which deprotonates the acetylene
linkage and forms the gold triphenylphosphine adducts, 18 and 19, as shown in Fig. 32. In these molecules the acetylenic
functionalities are blocked, |eaving the nitrogen centre available for coordination to a surface.
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Figure 32

In terms of deliverables, al the molecules 3-15, represent optimised, conjugated molecules with effective anchors for
insertion into nanogaps. The optimisation, supported by theoretical calculations, is with respect to the first-generation
conjugated molecules derived from the work of Reed and Tour [Chen, J.; Wang, W.; Reed, M. A.; Rawlett, A. M.; Price, D.
W.; Tour, J. M.; Appl. Phys. Lett. 2000, 77, 1224-1226].

WP2.2/3.2 Modelling of energy levels of molecules and nanocrystals (T5.4)

Modelling carried out at UMH

Mons (UMH) specialises in calculations of molecular energy levels; the plan was to characterize the electronic properties of
current and potential molecules incorporated into nanogaps to yield an NDR behaviour and to suggest new molecules. During
the first two years of this project, UMH has developed a very simple and attractive model to rationalize on a qualitative basis
the occurrence of an NDR behaviour in molecular wires incorporating saturated spacers and in the unsubstituted (X=Y=H)
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three-ring phenylene ethynylene oligomer (see chemical structuresin Figure 33(a); these cal culations have now been published
in the Journal of the American Chemical Society, see Y Karzazi et al., 123, 10076, 2001 and J Cornil et al., 124, 3516, 2002,
respectively. This work has been or will be presented orally or under the form of posters in several major conferences in the
field of molecular electronics (TNT2001, TNT2002, TNT2003, MRS Spring Meeting 2001, MRS Spring Meeting 2003,
ECME2001)

Figure 33 Chemical structure of a molecular wire incorporating saturated spacer (a) and a substituted three-ring
phenylene ethynylene oligomer (b).

Since no conclusive evidence of an NDR behaviour was observed for nanocrystals and molecules within the consortium at
the beginning of the third year, we have focused our theoretical efforts on molecular wires for which NDR signatures have
been reported by other groups. In this context, we have checked whether our simple model can be applied to the substituted
(X=NO, and Y=NH,) three-ring phenylene ethynylene oligomer that yields an NDR signal at 60K with a peak-to-valley ratio
close to 1000:1 (J. Chen et al., Science 286, 1550, 1999). The theoretical methodology is similar to the one developed in the
previous years and consists in analyzing at the semiempirical Hartree-Fock INDO (Intermediate Neglect of Differential
Overlap) level the evolution of the electronic structure of the wire as a function of a static electric field applied along its long
molecular axis; this electric field simulates the driving voltage used in the experiments. At this stage, we still neglect the
metallic contacts in view of recent theoretical (see for instance Y. Xue et al., J. Chem. Phys.,, 115, 4292, 2001) and
experimental studies pointing to the fact that the electronic structure of molecular wires end-capped by thiol groups (i.e., the
anchoring unit used in Reed’ s experiments) is largely unperturbed upon adsorption on a gold surface. This is also supported by
the results of our own calculations (see below). The impact of the metalic electrodes is to shift in energy and broaden the
molecular levels, two features that do not affect our qualitative model.

We have first considered the molecular wire in a fully planar geometry and analyzed the nature of the frontier electronic
levels (where electrons and holes are injected at low voltage). We observe that the LUMO wavefunction is strongly localized
over the central substituted ring and impedes efficient electron injection due to the absence of electronic density in the external
rings. In contrast, the LUMO+1 and LUMO+2 levels as well as the highest three occupied levels are much more delocalized
over the backbone, thus favouring efficient charge injection. Since an NDR behaviour reflects the appearance of a high degree
of delocalization of the frontier electronic levels over a very limited range of applied voltages, we cannot rationalize with the
INDO calculations (nor with other approaches) the observation of such a signal when considering phenylene ethynylene
oligomersin a planar conformation.

We have thus envisaged the possible rotation of the central ring along the main chain axis as responsible for the NDR
signature. This ring motion is consistent with the very low energy barrier calculated for a rotation around a triple bond at the
single molecular level; this rotation might be initiated in the devices by thermal motions or by specific interactions between the
applied electric field and the permanent dipole moment of the molecular wire. Another possibility, which has been investigated
by the MIC group, is that the electrostatic interactions within the monolayer (that are governed by the permanent dipole
moment of the wires) promote directly atwisted conformation as the most stable geometry.

Along this line, we have first considered a model system where the central ring is perpendicular to the plane defined by the
other two rings. In contrast to the planar geometry, the twisted conformation is characterized by a strong localization of the
electronic levels either over the twisted ring and the adjacent triple bonds (as is the case for the HOMO level) or over asingle
external phenylene ring and the adjacent triple bond; the corresponding orbitals localized on the two external segments have
dightly different energies as a result of the asymmetric structure of the central ring. The oligomer in its twisted conformation
can thus be regarded as consisting of two conjugated units separated by the central benzene ring acting as a tunnel barrier. In
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the absence of a static electric field, the strong localization of the electronic levels prevents a high current from flowing across
the molecular junction; note that a direct charge transfer between the left [right] external segment and a resonant electronic
level in the right [left] metallic electrode is not expected to be efficient due to their rather large separation (on the order of 10
A) and the decreasing exponential dependence of the electron transfer rate as a function of distance.

The application of a static electric field along the molecular axis leads to the destabilization [stabilization] of all the
electronic levels localized on the left [right] external segment while the energies of the levels localized on the central part of
the oligomer are hardly affected. A high current can be promoted across the molecular junction when the energy of an
occupied [unoccupied] level localized on the left phenylene ring matches the energy of an occupied [unoccupied] level
localized on the right side, as schematized in Figure 34; at that stage, a resonant tunnelling of holes or electrons can occur
across the twisted ring in the molecular junction. Since such a resonance takes place only for a very limited range of applied
electric fields, this mechanism can rationalize the very sharp NDR signatures observed experimentally. Note that the
consideration of polaronic effects (i.e., geometric relaxation of the charges over the conjugated backbone) would lead to shifts
of the frontier electronic levels without affecting the qualitative picture presented here. In contrast to previous interpretations,
this new mechanism does rely neither on the presence of atoms protruding from the metallic surface nor on an abrupt
conformational change switching off the current.

E 4
A
HOMO _—
F [
HA ——
— H2 — _
/_ Resonance
H3 —— —— Ha4
4
> F
. .
Figure 34 Schematic representation of a resonant tunnelling for holes occurring across the central twisted ring

upon application of a static electric field F.

With this model, the calculations demonstrate the existence of a very efficient transport channel for holes and electrons at
low voltage; note that the transmittance of the resonant channels can be qualitatively related to the amplitude of the electronic
splitting of the resonant levels (the larger the splitting, the higher the transmitted current). The deeper occupied and higher
unoccupied p-levels are not expected to play arole in the NDR behaviour since they are surrounded by a collection of s-levels
fully delocalized over the whole molecular backbone, thus transmitting easily the current across the molecular junction. The
calculations also indicate that the proposed NDR mechanism is operative when considering conformations intermediate
between the planar and perpendicular geometries. However, we expect in those cases a peak-to-valley ratio lower than for the
perpendicular conformation due to the progressive delocalization of the electronic levels over the whole molecular backbone
when the torsion angle is reduced. This work has now been published in two papers.® ° Most interestingly, that a mechanism
based on energy levels alignment can give rise to an NDR signal is supported by |-V simulations achieved by the MIC group
on junctions incorporating twisted phenylene ethynylene oligomers (vide infra). The theoretical modelling on NDR has thus
followed the milestones initially defined in the project by considering first the electronic properties of isolated molecular wires
and by extending next the study to the same wires connected by two metallic electrodes. All together, the calculations
performed on isolated molecules lead to the general conclusion that an NDR signal can be obtained in the |-V characteristics of
conjugated molecular wires by introducing saturated spacers or by inducing significant ring twists (for instance by means of
bulky substituents) along the backbone.

Very sharp features have also been observed by the group of A. J. Bard (University of Austin, Texas) in the |-V curves of
three-ring phenylene ethynylene oligomers contacted by an STM tip at room temperature (see F.F. Fan et al., JACS 124, 5550
(2002)). Measurements performed on a large number of different derivatives show that the position and number of these peaks
depend on the chemical structure of the oligomers. Due to the poor contact between the tip and the molecules, some models
have suggested that the application of an electric field leads in such experiments to a shift of the Fermi energy of the tip while
that of the bulk electrode is hardly affected. The current peaks could thus be attributed to resonances between the discrete
molecular levels of the oligomers and the very narrow density of states around the Fermi energy characteristic of some tips;
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such a mechanism cannot of course operate for a molecule connected to two bulk electrodes. This motivated us in calculating
the electronic structure of several oligomers characterized by the Austin group to determine whether the various features can
be associated to molecular levels.

We have focused on several compounds that are al characterized by a single sulphur-based anchoring unit, see chemical
structures in Figure 35. Following our standard approach, we have first optimized the geometry of the oligomers using the
semiempirical Hartree-Fock AM1 method. All the phenylene ethynylene-based oligomers are found to be planar as well as
compound VI where the nitro groups leave the plane defined by the benzene ring to which they are attached by 77.28 degrees;
for the latter compound, imposing the planarity of the nitro groups and the benzene ring leads to a structure less stable by 0.2
eV and displaying a torsion angle of 57.58 degrees between adjacent rings. We have next computed the electronic structure of
the oligomers by means of the semiempirical Hartree-Fock INDO technique. Note that we cannot rely on the absolute val ues of
the energy levels but we can discuss them on a relative scale (by looking at the energy shifts going from one compound to
another).
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Figure 35 Chemical structures of the oligomers under study.

Compounds 11, 1V, V, and XII that are built on a three-ring phenylene ethynylene backbone show an unoccupied level (L+1
for 111, 1V, XII, and L+2 for V) presenting the same bonding-antibonding pattern than the LUMO level of compound 11 (see
Figure 36). Moreover, compounds Il and IV [V] show one [two] additional unoccupied level(s) at low energy which can be
corroborated to the appearance of the [two] additional negative peak(s) in the I-V curves; al these new levels are mostly
localized on the nitro groups attached to the central benzene ring. There is for compounds I, 111, 1V, and V a one-to-one
correspondence between the number of negative peaks in the |-V curves and the number of low-lying unoccupied molecular
orbitals. Strikingly, we observe a good linear correlation for al the compounds between the calculated LUMO energy and the
threshold voltage associated to the lowest current peak, see Figure 37; the same linear correlation is observed when plotting the
LUMO energy as afunction of the first reduction potential of the compounds measured by cyclic voltammetry.
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Figure 36 Description of the lowest unoccupied molecular orbitals of compounds Il (left) and V (right).
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Figure 37 Correlation between the calculated LUMO energy and measured threshold voltage associated to the

lowest current peak for the compounds under study.

If we compare the energy separation between the lowest unoccupied levels of the compounds and that measured
experimentally between the voltage peaks, we observe a fairly good agreement between theory and experiment for compounds
Il and V as well as for compound VII; in the latter case, we predict the appearance of three new unoccupied levels at low
energy with respect to compound I, in full agreement with the experimental data showing four negative peaks. All together,
the theoretical results thus provide good evidences that the negative peaks observed in the |-V curves can be associated to
distinct unoccupied molecular levels of the compounds. We stress that some of these levels are strongly localized on the
central ring, thus contrasting with the general belief that only delocalized levels can yield acurrent in 1-V curves; this might be
explained by the fact that all the levels can be probed in presence of aloose contact between the molecule and the el ectrode.
Our interpretation is further reinforced by the fact that: (i) we calculate three lowest unoccupied levels in the same energy
range for compound VI, in agreement with the number of features measured in the I-V curves, and similar energy separations
between the experimental and theoretical data. Thiswork will be submitted very soon in Science.

Finaly, we have started to investigate the electronic processes occurring at metal/molecule interfaces in molecular junctions
and the way this defines the alignment of the Fermi energy of the metallic electrode with respect to the molecular levels. The
energies of the metallic and molecular levels in the devices are rarely identical to those characteristic of the isolated molecule
or electrode. The level alignment is affected at the interface by: (a) the reduction in the surface electron density tail of the metal
upon adsorption of the molecule, which is coverage-dependent; (b) a possible polarization of the molecule induced by the close
proximity of the metallic electrode; and (c) a partial charge transfer between the molecule and the metal. This charge transfer
proceeds in the direction that tends to equalize the chemical potentials of the molecule and the metal; the latter can be
estimated in good approximation as— (IP+EA)/2 (with I P the ionization potential and EA the electron affinity) for the molecule
and as -W (with W the workfunction) for the metal (see X. Crispin et al., J. Am. Chem. Soc. 124, 8131 (2002)). In our
theoretical approach, we have characterized the charge distribution and the electronic structure of complexes made of a gold
cluster containing 13 atoms, representative of the (1,1,1) surface, and a chemisorbed molecule. This cluster approach has been
validated in previous studies by the fact that the chemisorption isalocal process and the chemical potential of metallic clusters,
gouverning charge transfer at the interface, is weakly size-dependent [X. Crispin et al., Eur. J. Inorg. Chem. 2, 349 (1999)].
The calculations have been achieved at the DFT level with the widely used B3PW91 functionals and LANL2DZ basis set.

We have first optimized the geometry of a complex with a benzenethiol molecule adsorbed over an hcp hollow site or a
bridge site, with the benzene ring imposed to lie perpendicular to the surface. We calculate in both cases a vanishingly small
charge transfer between the molecule and the gold cluster, see Figure 38. Analysis of the one-electron structure reveals that the
HOMO and LUMO levels of the complex are mostly localized on the metallic cluster and are non degenerate due to finite-size
effects, see Figure 39; the Fermi energy is located in first approximation at the center of this artificial gap (around -5 €V). The
first occupied level with a significant contribution on the molecule lies 1.4 eV below the Fermi energy while the lowest
unoccupied molecular level is located 4.34 €V above the Fermi energy. The shapes of the molecular levels are very similar
when going from the isolated molecule to the complex and their energies are weakly affected. The calculated energy barriers
for hole and electron injection demonstrate that the current is dominated by hole transport at low voltage. Moreover, we expect
an ohmic injection into the HOMO level when polarizing the device in view of the significant electron density calculated over
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the sulphur atom; in contrast, the absence of weight on the sulphur atom in the LUMO level requires a tunnelling process (and
hence a much higher contact resistance) for electron injection.
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Figure 38 Charge distribution obtained from a Mulliken population analysis in a complex made of a gold cluster

containing 13 atoms and a benzenethiol molecule. (left) geometry obtained without constraints; (right)
the molecule is adsorbed on the bridge site with its benzene ring imposed to lie perpendicular to the

surface.
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Figure 39 Electronic structure of the complex with a benzenethiol molecule anchored onto the hcp hollow site of

the gold surface.

When we do not impose constraints during the geometry optimization, we find that the most stable structure corresponds to a
bridge site anchoring with the benzene ring tilted with respect to the surface, see Figure 38. An amplified charge transfer of 0.2
le] is observed here from the sulphur atom to the gold cluster, thus pointing to the very local character of the interfacial
reactions. As expected, this transfer translates into a destabilization of the levels localized on the cluster and a concomitant
stabilization of the molecular levels; this increases the barrier for hole injection (1.79 eV) and reduces that for electron
injection (3.37 eV) with respect to the previous geometry. These results thus indicate that the nature of the contact geometry
can significantly modulate the 1-V characteristics. For all the geometries, we observe that the replacement of the sulphur atom
by a selenium atom leads to an increase by some 0.15 |e| in the amount of charge transferred from the molecule to the cluster
and to a pronounced redistribution of the electronic density inside the molecular part. The direction of the charge transfer and
the amplification observed when replacing S by Se can be rationalized in terms of chemical potentials (estimated to be —5.00
eV for the cluster, -4.57 eV for benzenethiol, and —4.41 eV for benzeneselenaol). In contrast, we calculate very similar barriers
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for hole and electron injection when substituting S by Se. This work still requires much more developments to understand
interfaces in molecular devices and to design strategies aimed at lowering the voltage threshold for charge injection.

Modelling carried out at MIC

In the MIC group in Denmark, we have developed a method, Transiesta, which can model the electrical properties of
molecular devices from first principles. The method is based on density functional theory and determines the self-consistent
electronic structure of a molecule coupled to three-dimensional electrodes with different electrochemical potentials, see figure
40.

Figure 40 The Transiesta package is based on the SIESTA electronic structure method. The Hamiltonian of the
system is expanded in a localized basis set. The voltage bias and open system are taken into account
using a non-equilibrium Green’s function approach.
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Figure 41 The |-V characteristics of a 3-ring OPE with the middle ring rotated 90 degrees, and coupled via

sulphur bonds to gold electrodes.

We have used the Transiesta method to investigate the microscopic mechanism for NDR in OPE systems, suggested by the
Mons group. The conclusions of the Mons group are based on calculations for isolated molecules, and validating their model of
NDR for moleculesin a more realistic environment, is an important step for obtaining general acceptance of their model.
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Figure 41 shows the I-V characteristics of a 3-ring OPE, when the middle ring is rotated 90 degrees. The current is two
orders of magnitude smaller than for a planar molecule, and there is a peak in the current at —1.7 V. Interestingly, the position
of the peak is in accordance with the voltage where NDR is measured experimentally. The Mons group predicted that such a
NDR peak would appear due to alignment of orbitals on the first and last phenyl ring. In figure 42b we show the bias
dependence of the eigenvalues of the molecular projected self-consistent Hamiltonian (MPSH). This Hamiltonian differs from
a molecular Hamiltonian, since it includes effects due to the thiolate bond with the gold electrodes and the electron current.
The colour code illustrates the spatial localization of the eigenvalues. States localized at the left (right) benzene ring are
coloured red (blue), while states localized on the middle ring are coloured green. The electronic structure of the system is
similar to an Aviram-Ratner rectifier, and when a bias is applied the red (blue) states follow the chemical potential of the left
(right) electrode, while green states follow the average chemical potential of the electrodes.

From figure 42b we can relate the increase in the current at —1.5 V, to a “blue” MPSH state entering the bias window (see
arrow in figure 42b). Figure 42c shows the corresponding scattering eigenchannel for biases-1.2 V,-1.6 V, and -2 V. We see
that the -state on the right benzene ring extends into the middle ring through coupling with the NO, group. Thisis also why
the corresponding MPSH state shifts less with the bias than other “blue” states, as apparent from Figure 42b. The scattering
states also have a small component at the left sulphur atom, and this is the origin of the relative high transmission of this
channel. This component arises from the crossing with a “red” state at —1.2 V, and as illustrated in figure 42c this component
decreases with bias. This is reflected by a decreasing transmission coefficient of the state, and we find T=0.12, 0.04, 0.007 at
V,=-12V,-1.6V, 20V, respectively. Thus, the increase in the current at —1.5 V emerge from this scattering state entering
the bias window, and the decrease in the current below —1.8 V is caused by a decreasing transmission coefficient of the state as
function of the applied bias.
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Figure 42 (a) I-V characteristics for OPV with the middle ring rotated 90 degrees. (b) Eigenvalues of the
Molecular Projected Self-consistent Hamiltonian (MPSH) as function of the bias. Eigenvalues are

relative to the average chemical potential, (/7 + /7;3)/ 2. The colour indicates where the eigenstates

have most weight: left ring (red), middle ring (green), right ring (blue). The dashed red (blue) line
shows the chemical potential of the left(right) electrode, and the grey area shows the bias window. (c)
Isosurface of the transmission eigenchannel at E =-0.70 eV for the bias -1.2V, -1.6V, -2.0 V. This
transmission eigenchannel is responsible for the peak in the current at -1.7 V.

To understand the origin of rotation of the middle ring we have investigated the energetics of rotating the middie ring of
OPE’sin self assembled monolayers. Figure 43 shows the total energy as a function of the rotation angle of the middle ring for
three molecules with different side groups. We note that for the molecules with nitro side groups the curve displays local
minima where the middle ring is rotated. It is only the molecules with NO, side groups that displays these minima, in
correlation with that NDR is only observed for molecules with NO, side groups.
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Figure 43 The total energy as a function of the rotation angle of the middle phenyl ring, for OPE’s without a side
group (red), amino side group on the middle ring (green), a nitro side group on the middle ring (blue).

Figure 44 Contour plot of the effective potential in a molecular plane. Note the bond formation between the nitro
group on the central molecule and the hydrogen atom on the neighbouring molecule.

To understand the origin of the locking of the middle ring of the OPE we have investigated the effective potential between
the molecules. Figure 44 shows a potential well between the nitro group and a H atom on a neighbouring molecule. This shows
that the locking of the middle ring is due to hydrogen-bond formation with neighbouring molecules.

WP2.3/3.3 Electrical characterisation of nanocrystals and molecules on surfaces (T3.2, T3.3)

Both electrically conductive molecules and semiconductor nanocrystals are possible active elements in nanoscale storage
devices. MIC's experimental contribution to the SANEME project focused on their electrical characterisation by scanning
probe techniques, especialy using a low-temperature, ultrahigh vacuum (UHV) scanning tunnelling microscope (STM). Both
nanocrystals and custom-made conducting molecules were studied with regard of their self-assembling and sticking properties.
These are the basis for a later assembly inside nanoscale contact devices, so the same materials were used for substrates as
were being developed as electrodes for the project (passivated semiconductor surfaces, such as Si-H, metals like Au(111), and
GaAs). Scanning tunnelling spectroscopy was used to study the electrical conduction properties of molecules and nanocrystals,
in films or individually. The information gained there was fed back to the design of fully optimised molecules or nanocrystals
and the work on electrodes. Since very little is known about the interplay of semiconductor nanocrystals with semiconductor
substrates, fundamental questions of band bending and alignment also had to be understood.
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Regarding the class of conducting molecules for storage devices, our experimental work was concentrated on a small
selection of oligo-phenylene-ethynylenes (OPE’s). This was necessary because of the very time-consuming experiments,
which were mainly done in the low-temperature STM at 6 K.

Our experimental work was presented at several conferences and symposia, partly together with the results of numerical
modelling made at MIC: ACS2003, MRS2003, “Molecular Nanotechnology 2001”, Max-Planck-Symposium ETMS 2001,
NANO-7/ECOSS-21 (2002) etc. Further, the work about nanocrystals has been published in couple of papers, concerning the
adsorption behaviour and the electronic properties of CdSe nanocrystals on highly doped semiconductor surfaces.”®*° Our
more recent work on the self-assembly and electronic properties of OPE molecules will be presented in two papers which have
just been submitted.™ **

Nanocrystals

Within the first part of the project, MIC studied the suitability of different metallic and semiconducting substrates for the
adsorption of nanocrystals. Special attention was paid to hydrogen-passivated silicon, which was highly doped by ion
implantation at MIC. Such heavily doped semiconductor surfaces behave nearly metallic due to the high concentration of
doped charge carriers near to the surface. We could show that Si(100) surfaces after heavy doping even at levels well above
10%° cmi3 do still possess a very flat surface with peak-to-peak surface roughnesses below 2 nmin 1 pm? STM images. For this
STM investigation, the surface oxide of the Si wafers was removed by HF etching, resulting in an electrically conductive
hydrogen-passivated Si surface. Such samples could be handled in air, which was a prerequisite for later wet-chemical
deposition of nanocrystals.

As the next step we studied the self-assembly properties of organic shell capped CdSe nanocrystals on hydrogen-passivated
silicon. For this, we applied small amounts of nanocrystals to the surface, which gave a submonolayer surface coverage. Aswe
found, the nanocrystals do not distribute homogeneously over the substrate but form agglomerates of mainly monolayer
thickness or dlightly above. This can be seen quite well in overview SEM images, as shown in Fig. 45. In spite of the small
amount applied, the contrast is high enough to study the dendritic growth of the nanocrystal agglomerates. Because of the
small height of the structures the contrast in the SEM must be mainly due to the different work functions of CdSe and Si:H.
Using the STM for zooming in, Fig. 46a shows an area of nanocrystal agglomerates (in the lower central part) and an
uncovered region (upper right part). Fig. 46b is a further zoom into the lower central area of Fig. 46a. It should be noted that
the particles are only physisorbed to the surface which results in a very high surface mobility. Therefore, high resolution of the
individual nanocrystals was hard to reach by STM.

Fig. 45 Scanning electron micrograph of a Si(100):H surface with CdSe nanocrystals at 145 x 145 umz.
Evaluating the distribution of grey levels results in a coverage of 12-14%. The calculated particle
coverage (from the concentration of the nanocrystal solution) is 12%.
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Fig. 46

a) The 500 x 500 nm? STM picture shows the edge of a nanocrystal island. The letters (A) to (C) mark
the three different typical areas: (A) the uncoated substrate, (B) area of non-distinguishable, stacked
particles, and (C) an area, where individual nanocrystals have arranged mainly besides each other.
Tunnel conditions: U=-2.5V, | =-100 pA. b) 100 x 100 nm?zoom into area (C) at identical feedback
parameters and height scale. Tunnel spectra were collected over the smallest clearly distinguishable
particles.

Asthe next step, scanning tunnelling spectroscopy was used to collect 1-V spectra collected on top of the nanocrystals shown
in Fig. 46b. We found that there is a strong difference in the conduction behaviour of nanocrystals adsorbed on n- and p-type
substrates. CdSe nanocrystals on n-Si:H cause a significant widening of the surface band gap by 1 eV with respect to the gap of
the substrate, while a narrowing of the gap was observed for nanocrystals on p-Si:H (see Fig. 47). This experimental result
could be explained by modelling the system as a metal—insulator—semiconductor (M1S) diode. Using this model we have found
that the current through the MIS junction is limited by the nanocrystals only in one bias direction, while in the other bias
direction the current is limited by the semiconducting substrate. In Ref. 7 we discuss the model calculationsin detail.

Figure 47
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I-V spectra collected on (a) n-type and (b) p-type Si(100)-H samples, without and with CdSe

nanocrystals applied. Identical samples were measured before and after nanocrystal self-assembly,
using the same tip. In all cases, the feedback setpoint was -2.5V, 0.1 nA. The spectra are averaged
over 20 raw data curves.

Initialy the work with nanocrystals was concentrated on the use of passivated silicon, because of compatibility to the
nanogaps made using the selective-etching technique. However, as we found during the work, the nanocrystals hardly stick to
the substrate. Forces as low as a few nanonewtons applied in alateral direction can move the nanocrystals over a surface, as we
found during scanning with an atomic force microscope. This is an obstacle for stable self-assembly in nanogaps, too. To
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overcome this problem, we suggested a new route of self-assembly: if one takes GaAs instead of silicon as substrate, then there
isan option to use thiol chemistry to stick CdSe nanocrystals covalently to such a substrate. Thisis achieved by a sticking layer
of a short alkanedithiol, as e.g. hexanedithiol. The schematic of such a structureis shownin Fig. 48.

STM images collected at CdSe nanocrystal films made in the manner as shown in Fig. 48 are much more stable than the ones
at Si-H substrates, and the resolution of individual nanocrystals in STM is possible at room temperatures, see Fig. 49. Thus,
aso the investigation of the electrical properties by STS isimproved. A detailed description of the film properties, including
STM and optical ellipsometry, is given elsewhere.®

In general it has to be noted that our STM measurements, together with the modelling of the tunnel process by thermionic
emission theory, showed that there is a strong influence of the semiconducting substrate material on the electronic properties of
the nanocrystals. The band bending induced by the high electric fields in the STM (which is of similar order of magnitude asin
a nanogap) is stronger than possible quantum size-effects. So Coulomb blockade, etc., could not be observed, since any such
effects were superimposed on the strong band-bending effects of the substrates. For the design of nanoscale storage devices
this means that there is a need for extremely highly doped (or even metallic) contacts for the nanogaps to exploit the electronic
properties of the individual nanocrystals.

CdSe nanocrystals
1,6-hexanedithiol
doped GaAs
Figure 48 Schematic of the GaAs / 1,6-hexanedithiol / Figure 49 STM image of a clean p-GaAs substrate
nanocrystal structure grown by self- (A) and (B) 4 nm diameter CdSe
assembly nanocrystals self-assembled on p-GaAs

with a 1,6-hexanedithiol sticking layer. It =
1nA (A) and I+ =0.18 nA (B).
Electrically conductive molecules
Within the last part of the project, the work was concentrated on the characterisation of the electronic properties of oligo
phenylene ethynylene (OPE) molecules and their behaviour within self-assembled monolayers. We have selected an OPE
molecule (see Fig. 50), whose monothiolated analogue has shown negative differential resistance (NDR). Therefore, if the
NDR is intrinsic, i.e., caused by the molecule itself instead of its binding to the outside, then molecule 1 should also show
NDR-like properties.

The growth behaviour of self-assembled monolayers of molecule 1 was studied in its time development. We found that it
follows a Langmuir growth curve, which saturates after approx. 21 hours. In the simplest case the growth can be described by

g(t) =1- e’
where k; is the Langmuir adsorption constant for a given concentration. Since we were not satisfied with the fitting of this
simplified sticking model, we chose a somewhat more sophisticated Langmuir model, which takes into account the diffusion
limitation induced by the film growth:

g(t) =1- et

The fitted curve shown in Fig. 51 is calculated from the ellipsometry data using this equation. For the parameter k, pin this
equation, we determined a diffusion-limited Langmuir rate constant of k. = 0.011 s“?. Compared to similar data of
hexadecanethiol, this value is significantly lower (for the same concentration Kp| pexanedithiol = 0.08 s‘”z). This means that the
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speed of film growth is nearly two orders of magnitude lower than for alkanethiols. Besides that, we have used the same model
for calculating the scaling factor for monolayer coverage. The calculated scaling factor for a monolayer leads to a fina film
thickness of 15.9 A. The time development can also be observed by window scratching experimentsin the STM, similar to that
shown in Figure 52.

molecule (1%

molecule (1)

Figure 50

Figure 52
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The oligo phenylene ethynylene molecule
used in this study in its protected (molecule
1') and unprotected form (molecule 1).
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Time development of SAM growth as
measured by ellipsometry (squares) and
STM (open triangles). The fitted curve shows
the time dependence of growth as calculated
from the ellipsometry data by equation (4).
Inset: Growth and saturation can clearly be
distinguished from each other. (The lines are
only guides for the eye).

(a) Switching of the tunnel resistance from 3 GWto 25 MW. Whereas in the lower part of the image the
SAM is shown at high tunnel resistance, after switching to low resistance this film is being removed
by “scratching” with the STM tip, and the underlying Au(111) substrate can be observed. The stripes
in the image result from molecules moving under the influence of the tip. (b) Underlying Au(111)
substrate with monolayer steps during the removal of the SAM. (c) Zoom-out image at high tunnel
resistance, showing a dark window without the molecular film. (d) Histogram of the height distribution
measured inside the white square shown in (c), revealing a film height of (15 + 1) A. T = 300 K.

Such STM structuring experiments were carried out as follows: Usually, SAMs of organic molecules are imaged at very high
tunnel resistances in the GW range (tunnel resistance = bias voltage/set-point current). This allows imaging of the surface of
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the molecular film without significant changes of the molecular order at least in the time scale of tens of minutes. We did this,
followed by switching to significantly lower tunnel resistances (a few MW). This causes the tip to approach the metallic
substrate, removing the molecular film on the metal surface. Thus, a window is scratched into the film, whose height can be
measured afterwards by cross-section measurements or by use of a histogram. We have chosen the latter to reduce the noise.
Fig. 52 shows the different phases of such an experiment.

In our case, the window was scratched at a low-tunnel-resistance-regime of 0.11 V and 4 nA, whereas the zoom-out image
shown in Fig. 52c was measured at high tunnel resistance again, with a bias of 2.5 V and a feedback current of 0.8 nA. The
histogram shown in Fig. 52d reveals two peaks resulting from substrate and adsorbate. The difference of (15 1) A between
the maxima corresponds to the film height. The whole experiment is based on the significantly lower electrical resistance of
the molecules we used compared to vacuum. Of course, the chemical contrast in STM arising from work function differences
between the molecular layers and the gold surface must aso be taken into account, since the tunnel current | is related to the
local work function 7 and the tunnel gap width d by Log| p \/7 d . In constant-current mode, ﬁ d is constant, so the STM

measures the “correct” height difference only in the case of constant work function. A short estimation shows that within our
experiment work-function changes will only play a minor role: If we assume that the work function of gold is5 eV and that the
change of the local work function is 0.5 eV due to the adsorption of molecules, the current is compensated by a 5 % change of
d. Thus, we estimate that differences in the chemical contrast will affect our height estimates by less than 1 A, i.e. the noise
level of the measurement.

The measured film height of approx. 15.4 A can be compared with calculated geometry data of the molecule. We have
chosen the AM1 method as implemented in the Gaussian 98 software package. The calculated length of the individual
unprotected molecule is 19.9 A. Thus, the measured film thickness corresponds roughly to ¥ of the molecular length. Relating
this to atilt of the molecules, it suggests that the molecules in the layer are tilted by 39° relative to the surface normal (Fig.
53a).

Figure 53 (a) The tilt angle of the oligo phenylene ethynylene monolayer, as suggested from the measured
height of the SAMs, and the theoretical length of the molecule. (b) The average experimentally
observed tilt angle of alkanethiol SAMs. (c) Theoretical model of the adsorption geometry of thiolate
bonded oligo phenylene ethynylenes. (d) Theoretical adsorption geometry of phenyl dithiol which is
thiol bonded to gold (the SH bond remains intact).

As we show in detail in Ref. 11, this tilted growth is caused by the formation of thiol bonds to the substrate, instead of
thiolate bonds as often is supposed. We conclude this from different calculationsin the literature and of our own group.*®

Local 1-V spectra were collected in the low temperature STM at 6 K to study the conductance properties of the SAMs. The
sweeps were done at a feedback position of +940 mV and 280 pA, where we measured a very stable tunnel contact. The
voltage was swept from -3 V to +3 V with the feedback loop switched off, within a time of 60 seconds per sweep (Fig. 54).
Before and after collecting the spectroscopy data, the surface was checked for possible changes by STM imaging. Only
spectroscopy scans without any surface changes were evaluated. It has to be noted that surface changes within this bias
window were very rare. When a surface change was observed, afresh surface area was taken for further measurements.

We found strong negative differential resistance (NDR) peaks in our SAMs. NDR means that for a certain bias window an
increase in the bias leads to a decrease in the measured current. Mostly, one NDR event per measured |-V curve was found, but
aso two or more peaks have been observed. It must be noted, that individual curves were not reproducible, and the peak
position was changing from measurement to measurement, both in its energetic location and its strength. The occurrence of the
NDR peaks follows more a statistic behaviour. In most cases, the NDR peak is found around +2.8 V. Also the highest peak-
valley ratios (PVR, up to 100:1) were found at this energy.
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Figure 54 Typical individual I-V curve of molecule 1~ Figure 55 Statistics of the NDR event number and
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the +2.8V peak being the one both with
most NDR events and highest NDR
ratios. Peaks with a peak-valley ratio
below 3:1 were disregarded for this
graph.

Besides the position at +2.8 V the NDR peaks were typically found at —2.8, -2.4, and +2.2 V. Such positions were a so found
by Fan et a. [J. Am. Chem. Soc. 124, 5550 (2002)] for the monothiolated analogous of molecule 1. They found a weak peak
(with PVR<2:1) a +2.6 V and a strong peak (PVR>10:1) at -2.8 V. A statistics over the energetic positions and NDR
strengths measured in our -V spectrais presented in Fig. 55. This graph shows the dominance of NDR eventsat +2.8 V, but it
also shows that jumpsin the |-V spectra can be found at a broad range of energies.

Another recent study made by Rawlett et al. [Appl. Phys. Lett. 81, 3043 (2002)] using a conductive AFM tip, found a NDR
effect for isolated entities of the molecule 1 when positioned in a matrix of alkanethiols. Also in this study, some of the
experiments showed double NDR switching. However, the peak positions were located at lower voltages, somewhat above
1V. To our understanding, this can both be due to the fact that our data were collected at low temperatures and in UHV,
whereas Rawlett’s data were measured under ambient conditions, and due to the fact that we used a different molecular
environment (a monolayer of molecule 1), whereas Rawlett et al. studied the isolated molecule in a matrix of alkanethiols.

Calculations carried out by J Cornil et a. [J. Am. Chem. Soc. 124, 3516 (2002)] from the SANEME partner UMH, and by
our group™ show that a rotated central phenyl ring within a molecule similar to our molecule can result in I-V characteristics
displaying negative differential resistance. The origin of the NDR is the following: When the middle ring is rotated the p
conjugation of the molecule is broken, and the middle ring acts as a tunnel barrier between the two outer phenyl rings. The
electronic states of the outer rings will now be isolated, and a high current only arises when two states align. Such alignment
may arise at specific electric fields, corresponding to specific biases where there is a high resonant current. Geometries with
the middle ring rotated may arise for oligo phenylene ethynylenes with nitro side groups, since the nitro group can stabilise
such structures due to hydrogen bonding with neighbouring molecules. ** This means aso, that the fact alone that each
molecule has a different environment |leads to the variety of NDR peaks. This explains both the change in peak position and the
change in strength of the individual STS experiment, since the STS measurements were done at dightly different positions of
the SAM surface.

Summarising, we can say that we found monolayer formation of standing OPE molecules, which are tilted with respect to the
substrate. The monolayer growth saturated after approx. 21 hours, which is nearly two orders of magnitude slower than the
growth of alkanethiol SAMs. We refer this slow growth to effects of steric hindering due to the stiff and more bulky structure
of the OPE molecules compared to alkanethiols. Further, our results indicate that the thiol end group cannot be broken, and the
structure of the as-prepared SAM consists of thiol-bonded molecules with an angle of 39 degrees to the surface normal. At low
temperatures, the films show negative differential resistance at voltages of typically +2.8 V. We suggest that this NDR arises
when the middle ring of the molecule is rotated. The molecules show no switching behaviour between two stable states, as was
reported in the literature for alkanethiol-embedded OPE molecules of the monothiolated moiety of molecule 1 (c.f. Donhauser
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et al., Science 292, 2303 (2001)). Since in both experiments the second thiol bond is not covalently bond to the tip electrode,
the reason for this difference is still not clear. Possibly a collective effect of the surrounding molecules constrains the rotation
of the middle ring inside a OPE monolayer, while the molecule has a higher degree of freedom inside an alkanethiol matrix. As
aresult, we expect that the electronic behaviour of OPE molecules inside a nanogap will depend strongly on the dimension of
the nanogap (i.e. on the question, how close it is to the case on an ideal SAM), and to the binding situation at the metal-
molecule interconnects. Experiments with surface-sensitive techniques like STS will only give a first indication if a molecule
shows a switching behaviour inside a nanogap or similar storage element.

WP3.1 Synthesis of Cd chalcogenide nanocrystals and anchors (T4.4, T1.9)

UCAM-DPHY S synthesised CdSe nanocrystals, of diameters 2.4, 3.5, 4.2 amd 5.4 nm, for use on surfaces and in nanogaps.
These were supplied to Chalmers and MIC, and used in Cambridge. They were made using chemical techniques to produce
ligand-coated nanocrystals which are processible from solution. Selective bonding of the particles to gold surfaces was
achieved using alkanedithiol linker molecules. Thiol-terminated conjugated molecules from WP2.1 were also used to attach
nanocrystal s to surfaces, and the effect of molecular length and rigidity on the assembly process was investigated.

The UCAM-DCHEM group synthesised the first-generation conjugated molecules, shown in Fig. 56, for reaction with
cadmium chalcogenide nanoparticles, to test whether self-assembly on the nanoparticles occurs. These molecules have
thioacetate end groups that can readily be converted into thiol groups by reaction with base, and that will make them suitable
for coordination to the nanoparticle surface. This work follows on from the preliminary studies using the saturated
hexadedecaal kylthiols.

ACSSAC
NO,
AcS — —
ST\ 7 \_/ \ /e
7N — N — N = N =

AcS — — — —

ST \_/ \_/ \_/ N\ /e
Figure 56

Workpackage 4: Architecture and devices

Objectives

Fabrication of MOSFETSs connected to nanoscale RTDs (‘ TSRAM’)
Modelling of TSRAM ar chitecture with nanoscale elements
Electrical assessment and performance analysis of TSRAM hybrid device

WP4.1 Modelling of TSRAM architecture with nanoscale elements (T2.7)

One of the possible applications of molecular electronics in combination with silicon technology outlined in the original
proposal isthe one for refresh of DRAM cells. The modification of the DRAM cell turnsit into a TSRAM (Tunnelling SRAM)
cell. Device simulations have been made to analyse the use of molecular resonant tunnelling diodes for such alocal refresh of
DRAM memory cells (T2.3). Local refresh can be provided by alatch of a pair of resonant tunnelling diodes connected to the

storage capacitor of the cell. Figure 57 shows the structure of the cell used for the feasibility study.
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Figure 57 DRAM (a) and TSRAM cell (b) with a latch of molecular resonant tunnelling diodes for local refresh of
the DRAM cell.

Such a solution would significantly reduce the standby power consumption of the DRAM cell. At Chalmers, we have
compared the requirements on the resonant tunnelling diodes for proper refresh operation with the electrical properties of
published molecules with resonant |-V curves. The simulations show that no molecules with resonant electrical properties
published so far in the literature has properties making them useful for this particular application. This is true also for low-
temperature operation. Current densities for recently published RTDs are shown in figure 58 both for molecular RTDs and
semiconductor RTDs. The required properties for use in local refresh of DRAM memories are also shown. The issues of
maximum tolerable series resistance and of maximum tolerable fluctuations in the number of attached molecules have also
been addressed.

Figure 58 Current densities for recently published RTDs. Requirements on the electrical properties of the RTDs
are also shown (peak and valley).

Our results show that the focus for development of molecules with resonant electrical properties should be to find molecules
with resonance for lower applied voltages and lower current levels than the molecules published so far. If the synthesis of new
molecules with attractive properties is successful the merging of silicon technology and molecular electronics, for instance for
new generations of DRAM cells, is arealistic future path of microelectronics. For details please see reference [C1].

An essential parameter for the application of the MOS-type nanogap structure to a TSRAM cell is the parasitic leakage
currents and capacitances in the silicon nanogap structure. Modelling of these parasitic elements were made (task T2.7) to
complement the simulations of the TSRAM cell made in Task 2.3. In view of the demands on the electrical characteristics of a
functional TSRAM cell, the issue of control of the total leakage current is highly relevant. Five parasitic contributions besides
the active-edge (nanogap) current were included in the model.
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Surface-leakage currents (see task T2.6) occur on the chip surfaces after chemical treatments. If a constant voltage is applied
to one of the empty pads on a chip, asmall current transient can be observed (see Figure 61). When the applied voltage is set to
zero, areversed polarity transient can be noted. The charging and discharging current transients can be approximated by:

1 (V.,t) = G (t) %,

ld(VClt) =- Gd (t) ch
G.,Gy4 >0

where G is the surface-leakage conductance [unit 1S=1A/V]. Rough estimates of the time dependencies of the charge- and
discharge conductances can be written:

Ger0

t
Ge(t) =Gyo * = + Gy

10

t Y10
G,(t)=G X —
4 (1) = Ggao 10
where G, and Gy are the charge and discharge conductances at 10 s respectively. For the slope at the same instance g.o and
Ghio are used. Any residual conductance after the initial charging transient is taken into account for by the Gy constant. These
transients are highly dependent on the treatment of the chips, and rough estimates of the parameters described above are made
from conductance vs. time plots. In Table 3 the resulting parameters for different chemical treatments are found, and they are
also plotted in Figure 59a and Figure 59b.

Treatment Time after Gao Geo Std G0 G0 Gao Ggio Std Ohio o
treatment (days) std std
etchethanol pr.01 1 2.22x10™ | 851x10™ | -0.27 | 0.03 | 9.23x10" | 3.02x10% | -0.34 | 0.04
etchprocess07 1 6.46x10™ | 4.01x10™ | -0.24 | 0.06 | 1.47x10™ | 5.39x10" | -0.50 | 0.11
etchprocess07 11 1.46x10"° | 2.75x10® | -0.39 | 0.02 | 8.75x10™° | 1.04x10™ | -0.50 | 0.04
etchprocess07 31 9.60x10® | 5.24x10%° | -0.30 | 0.19 | 5.47x10*® | 1.35x10%® | -0.38 | 0.11
nickel process01 13 2.33x10™ | 5.40x10%° | -0.61 | 0.06 | 1.65x10™ | 4.03x10™° | -0.65 | 0.05
nickel process02 14 3.63x10% | 7.95x10%° | -0.70 | 0.09 | 3.15x10" | 5.19x10® | -0.76 | 0.06
NoTreatment 3.21x10™ | 4.59x10" | -0.37 | 0.08 | 2.48x10"° | 4.97x10" | -0.42 | 0.02
mol ecul eprocess4 1 1.24x10™ | 7.23x10% | -0.70 | 0.16 | 5.90x10™ | 8.28x10™° | -0.78 | 0.19
mol ecul eprocess02 150 1.29x10™ | 1.10x10™ | -0.10 | 0.19 | 8.74x10™ | 7.50x10™ | -1.20 | 0.44
molecul eprocess03 1 7.32x10™° | 3.25x10%° | 0.02 | 0.13 | 4.27x10™ | 1.26x10™ | -0.84 | 0.31
mol ecul eprocess03 29 2.27x10™° | 1.21x10% | -0.01 | 0.02 | 8.15x10™ | 3.67x10™ | -0.80 | 0.19
mol ecul eprocess05 1 1.37x10%° | 2.87x10%® | -0.61 | 0.04 | 1.11x10™ | 1.21x10™ | -0.63 | 0.07
mol ecul eprocess05 10 9.82x10® | 2.10x10%° | -0.60 | 0.10 | 8.10x10*® | 1.05x10® | -0.58 | 0.12
nanocrystal pr.03 5 7.94x10™° | 1.93x10%° | -0.43 | 0.12 | 5.96x10™ | 1.11x10™° | -0.35 | 0.09
nanocrystal pr.04 1 5.47x10* | 1.04x10™* | -0.42 | 0.04 | 3.97x10™ | 7.54x10™ | -0.53 | 0.04
nanocrystal pr.04 21 1.04x10™* | 8.74x10® | -0.43 | 0.05 | 8.03x10™ | 6.02x10™ | -0.54 | 0.04
Table 3 Resulting surface-leakage parameters
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Figure 59 Charge and discharge conductances for different processes

The surface leakage current can be modelled using a diffusion model with R and C elements. By solving the diffusion
equation in one dimension, an expression can be found for the charging current as a function of time.

xy RC . b [C 1

V(x,t) =V, xerfc i(t) =V, X— X% [—= X—
b [C 1 ~ P2 C 1
G.=—X%X|= %= R=—x—x
© A VRt p Gt

This corresponds to a value of -0.5 for g. (the slope), as seen in the expression for i(t). Figure 60 shows a model explaining
some of the electrical properties of our silicon nanogap devices. An RC network models surface diffusion current, and a
resistor corresponds to time-independent leakage current along the surface to the back of the chip. Tunnelling current is
modelled as a non-linear resistor, lyna(V). A number of capacitors model capacitances resulting from pad, thin-oxide areas or
probe-to-chuck coupling. These capacitances can give rise to current transients on the second timescale, while the transients
resulting from the surface diffusion can last for hours. To reduce the surface leakage currents (i.e. G¢p and Cqyo in figure 59) is
akey issue 1927 28

Probe-to-chuck

Surface diffusion current r O coupling
-~ - T = ~
« ~a
| I | I L Active edge
7 4 current
/ / \
/ / / \
/ v/ \
o/ / / \
Resistive Pad Thin-oxide Thin-oxide
surface current capacitance tunnelling capacitance
current
Figure 60 Model of leakage currents for the silicon nanogap.

51



Project number: | ST-1999-10323 Date: 29/08/2003 SANEME final report — Part 2 Commercial in Confidence
WP4.2 Fabrication of MOSFETSs connected to nanoscale RTDs (T2.6, T1.10)

PLANNED ACTIVITIES:

The ultimate aim of the project was to investigate the feasibility of connecting nanogaps containing molecules or
nanocrystals to standard CMOS elements such as a MOSFET. This followed on from the work in WP1 to develop suitable
nanogap devices with the hope of showing NDR from resonant tunnelling through a nanocrystal or molecular energy level. We
call such a device a nanoscale RTD (resonant tunnelling diode). It was hoped that eventually the yield and reproducibility
would be high enough that two RTDs would be formed in the same device, with resistances and thresholds well enough
matched that there are two stable points in the 1-V characteristic when they are connected back-to-back, as required for a
TSRAM. Samples containing a MOSFET and nanoscale RTD would be linked together to demonstrate memory operation, as a
Demonstrator for the SANEME project. The problem with this plan was that no reliable NDR was observed even in any
individual devices, and so it would not be possible to demonstrate memory operation. However, all the preparatory work for
such measurements was done (mask designs, leakage studies, modelling, etc), in readiness for suitable nanoscale RTDs. Also,
the various discrete components of a TSRAM cell were linked together as a preliminary Demonstrator, to show that there are
no obstacles to making such a device when and if suitable nanoscale RTDs become available.

The work to connect MOSFETSs to nanoscale elements has been made along several paths. Firstly, the MOS-type silicon-
silicon dioxide-silicon nanogap structure is in itself a part of a MOSFET. Its electrical properties are affected by the assembly
of nanoscale elements (Task 2.2, 2.4, 2.5). Hence, the integration of MOSFETs with the nanogap structures is a pure
technology issue.

Extensive electrical characterisation of the MOSFET-based nanogap structures has been performed (task T2.6). Some
conclusions are that the surface leakage after activation can be controlled down to below pA level for non-conducting surface
layers and that the edge activation leads to initially highly instable edge currents for all treatments. After repeated
measurements the edge current is stabilized and shows scaling with edge length.

After subjecting the chips to chemical treatments, surface leakage currents can be observed. These currents are preferably
studied on empty pad devices without active edge (nanogap). When a constant voltage is applied to an empty pad (metal on the
thick field oxide), a current transient will appear (see figure 61). This surface leakage affect current-voltage measurements also
at low voltages.

The surface leakage is a diffusion current, and a set of parameters describing it has been used to compare the influence from
different chemical treatments (see task T2.7 in WP4.1). For chemical treatments causing high surface-leakage currents, the
effect of the active edge can be obscured. The thin-oxide tunnelling and surface leakage currents determine the current levels
that can be detected at the active edge.
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Figure 61 Current transients for empty pads on a freshly etched device. Time-dependent surface-leakage

currents are clearly seen.
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Figure 62 a) After etching (activating) the devices, large current fluctuations are observed. b) Same data as in

the plot to the left. Note that after the constant voltage stress, the subsequent voltage sweeps give
smooth curves.

After activating the devices by oxide etching, current fluctuations can be noted when a constant voltage is applied to an
active edge. Figure 62a displays a graph of the current due to conduction in the presence of an active edge. Showing this data
in a current-voltage plot (figure 62b) discloses a feature-rich profile which most truthfully can be described as noisy. Note
though that the conduction at high bias, when tunnelling through the thin oxide is dominant, appears to be well behaved.

Comparing different process sequences for finalizing the device processing, we see that the characteristics of active-edge
conduction display the same dominant features (figure 63a) whether subjecting the device to insulating polystyrene deposition
or depositing CdSe nanocrystals on to the device structure. We tentatively conclude that the noisy behaviour is an inherent
property of the experimental conditions up to the point of HF etching, and that further chemical processing has little impact on
this property. To be able to make any measurements on nanoscale particles giving currents smaller than afew nA at 1V, these
inherent current fluctuations have to be reduced. When subjecting the active-edge devices to prolonged biasing, the highly
unstable current subsides and reveals a background component (figure 63b) which scales with edge length (figure 64).
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Figure 64 Current for active devices as a function of the edge length, extracted at 5V from the data in fig. 63.

The second approach to connect the nanogap structures to CMOS circuitry is a foundry-based process. We have conducted
design activities with the aim of rapidly allowing the production of atest chip using foundry services. The chipisaDRAM cell
prepared for connecting two RTDs to transform the memory cell into a TSRAM cell. The cell aso includes a read-out
amplifier and input protection. The figure 65 shows the design of the test chip.

Figure 65. The design of the first generation of test chip to be used for hybrid mounting of a chip containing
silicon structures for molecular assembly.

To demonstrate the inclusion of nanogaps in a DRAM cell, such a cell was built from a discrete MOSFET and a capacitor.
Two MOS-type silicon-insulator-silicon nanogaps could be connected to the capacitor node as schematically shown in the
drawing of the TSRAM cell in figure 57. Results of the measurements are shown in Figure 66. The capacitor of the cell was
connected to high or low voltage through the MOSFET. Thereafter the MOSFET was turned off and the voltage across the
capacitor was measured by an electrometer. Due to charge leakage the voltage across the capacitors decreases (when connected
to supply voltage before the measurement) with time. This is shown in figure 66 by the lines labelled “DRAM cell” for high
and low voltages applied before the measurement (corresponding to a“1” or a“0” written into the cell). Due to this |eakage the
information in DRAM cells needs to be refreshed with a certain frequency. The basic idea of the TSRAM cell is that the latch
of two tunnelling diodes (see figure 57) will keep the voltage over the capacitor fairly constant over time (the information
remains “0" or “1") and thereby remove the power-consuming refresh operation. The projected behaviour of a TSRAM cdll is
shown in Figure 66 as the lines labelled “ TSRAM cell, projected”.

The measured curves in figure 66 labelled “TSRAM cell measured” are the measurements on the DRAM demonstrator
connected to two silicon nanogap structures with nanocrystals. The nanogaps + nanocrystals did not exhibit negative
differential resistance behaviour and thus only acts as two resistors. As a consequence, the voltage stabilises at around half the
supply voltage due to pure voltage division.
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Figure 66. Measurements on a DRAM demonstrator built from discrete devices. The curves labeled “DRAM cell”
is the voltage over the capacitor as a function of time in the cases when a logical “1” or a logical “0”
has been written to the cell. The curves labeled “TSRAM cell, projected” is the expected behaviour of
aworking TSRAM cell and the curves labeled “TSRAM cell, measured” is the measurement of the
DRAM demonstrator connected to two MOS-type nanogaps with nanocrystals not showing negative
differential resistance assembled.

Disappointingly, no working TSRAM cell has been demonstrated in the project. The main obstacle to doing this comes from
the lack of stable nanoscale Resonant Tunnelling Diodes. If there is no tunnelling diode in the nanogap, the TSRAM cell will
behave as shown by the curves “TSRAM cell, measured” in figure 66. From the simulation studies made (T2.3) it is clear that
very stringent properties are required from the nanoscale elements for them to form an essential part of the RTD latch. To date,
no molecules or other nanoscale objects with the required properties have been published. Without molecules or other
nanoscale objects with such properties no TSRAM cell will work. Within the project two approaches to form a functioning
TSRAM cell have been developed. Firstly the MOS-type nanogap structures are ideally suited for the task, should the
nanoscale RTDs become available. As a more convenient approach, alowing various CMOS circuitry to be connected to the
nanogaps, the foundry design (figure 65) was devel oped.
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Future plans

Further collaborative work is largely dependent on obtaining another European grant. To this end, severa consortia from the
Framework V IST/FET/NID initiative have combined to put forward a Framework VI STREP proposal (ISMOLE), and an IP
is planned for later.

The fabrication of nanogaps using selective etching into which elements can be anchored is close to being ready to use. We
wish to continue this work and soon to carry out detailed electrical investigations of such samples, with nanocrystals and
molecules in the gaps. We have plans to incorporate a gate in the structure too, to give more control. All three directions
investigated within the SANEME project still appear promising: attachment of nanoscale elements to the semiconductor
electrodes, attachment to electrodes that have been converted to silicide, and attachment to metal electrodes formed using the
selectively etched structure as a template. These latter two techniques avoid the need to develop anchors that bind to silicon,
but it may be easier to find anchors that bind instead to a thin layer of SiO, on each electrode. Anchoring of nanocrystals to
metallic electrodes does not preclude the appearance of NDR if the anchors themselves have quantised energy levels within
them. The conjugated linker molecules synthesised within the project should be suitable, but there are many possible
molecules.

It would be highly desirable to synthesize novel molecular compounds incorporating twists and/or spacers aong their
backbone and to incorporate them into molecular junctions to validate the proposed mechanisms for NDR. At UMH, the
primary theoretical interest will be focussed on the interactions taking place at the interface between the electrodes and
moleculesin order to understand and ultimately control the charge injection propertiesin molecular devices.

In future chemical synthesis, additional functionalities will be introduced into the chain molecules that will allow even
greater control of the electronic properties of the molecules. The redox and coordination properties of heavy transition metal
ionsin the chains will be exploited to make “single molecule” junctions. The steric factors that control the relative orientations
of adjacent molecular fragments along the chains will also be further investigated so that specific properties can be turned on
or off at specific electronic potentials.

The MIC group will concentrate its effort on theoretical modelling of electron transport in molecular systems. Future
collaborations with the Mons theoretical chemistry group and the experimental SANEME partners are projected to continue
within the proposed European project called ISMOLE.
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Worldwide “ State-of-the-Art” Update

Here, we summarise the progress made worldwide, since our last report, on the redisation of intra-molecular electronic
devices. The references to which the numbers refer are listed at the end of this section.

Recently there has been considerable interest in researching the electrical properties of nanoscale objects. The reduced size of
these structures lends itself to the study of quantum phenomena and the further miniaturisation of electronic devices. One
difficulty naturally arises when attempting to connect such minuscule object as molecules or nanocrystals to outside circuits,
which are usually afactor of 1000 times larger. The theory of interactions between the nanowires and the circuit and the actual
conduction through the nanowire is also not fully understood, and therefore is being heavily examined.

Attempts at understanding the conduction through molecules, nanotubes, and nanocrystals are being made on both the semi-
empirical and first principles levels. This can be difficult since not only the intrinsic chemistry of the nanostructure must be
studied, but other factors such as bonding geometries, contact microstructures, and the electrostatics of the environment.
When an individual nanostructure is attached to metallic electrodes via tunnel barriers, electron transport is dominated by
single-electron charging and energy-level quantization. As the coupling to the electrodes is made stronger, new phenomena
arise, such as the Kondo effect. 1t has been shown that molecules can provide a Kondo system where the critical parameters of
Kondo physics can be defined by chemical synthesis." Kondo-assisted tunnelling has been observed in transistors made from a
single molecular compound in which one cobalt ion is connected to gold electrodes by organic barriers when the coupling
between the ion and the electrodes is strong. For weaker coupling, the molecule functions as a single-electron transistor. The
transport properties are studied by applying a potential bias to the junction. For molecular devices, the potential distribution is
determined by the detailed electronic structure of the wire and by the response of the structure to the molecule-lead contacts
and the bias.” Spatial properties of the molecule can be observed in this manner, as generally, symmetric molecules give
symmetric |-V's and asymmetric molecules or molecules coupled asymmetrically give asymmetric I-Vs.

Concerning molecular conduction, one must account for the broadening and overlapping of energy levels, and this is
generally dealt with using non-equilibrium Green's function (NEGF) formalism®” or density functional theory.® From these
studies, it has been found that many molecular orbitals contribute to a single conduction channel”, and that the operation range
in strongly chemisorbed molecules is limited by the width is the transmission resonances and their proximity to the Fermi
level.® Current-induced forces are also studied, and it has been found that these forces can cause dynamical changes in the
structure of the molecule, but that the absolute value of the current is unaffected up to external voltages as high as 5V, arange
where gold wires would break. This s attributed to the strong bonds in the carbon-based molecules used.’

One of the obstacles to consider is the fabrication of gaps on the order of sub-10nm to trap the conducting elements in.
Several different ways of overcoming this have been proposed. One method involves trapping gold nanoparticles between
large-separation electrodes using an ac field, and then breaking the bridge by applying a large dc voltage.’® Another method
involves selectively etching the middle layer of a sandwiched mesa structure. After the layer is etched away, meta is
evaporated onto the structure and the etched gap resultsin a gap in the metal, which then serves as the two electrodes. If thisis
performed on a structure with a heavily doped middie layer, that layer can act as a gate.™ Gaps can also be made using standard
electron-beam lithography (EBL) techniques, but then varying e-beam dose and pattern developing time. Thus by patterning a
25nm gap with a higher than usual dosage, then extending the developing time, gaps ranging from 11-3nm can be created.™
Ultrahigh density arrays of nanowires can be constructed by selectively etching away finely grown alternating layers of a
superlattice, then evaporating metal onto the ridges. The metal is then contacted to a substrate by an adhesive layer, and then
removed from the etched superlattice. Now the metal can either serve as wires or as a mask to etch the substrate beneath.” If
two arrays are constructed on top of each other, but at a 90 degree angle, junctions will be formed that conducting elements
could be placed into. Problems arise, however, in trying to address each junction individually.

In conclusion, the study of conduction through nanoscale objects is considerably active due to the drive to miniaturise
electronic devices. Scientists in this field are continuoudly attempting to find better methods of creating circuits for these
objects and to understand the underlying physics of the conduction through them.
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Project Management and Co-ordination

Members of the Consortium met together approximately every six months, usually at the EU NID Workshops. The meetings
provided the consortium members with the opportunity to discuss progress and establish the plans for the future, including
planning a continuation of the work in a possible Framework V1 project. In addition to these formal meetings of the whole
consortium, members of each group met regularly, and different groups exchanged information by e-mail and samples by post.
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Activity by period
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