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Introduction
Thiol encapsulated gold nanoparticles are an important area of research with many applications
in areas such as nanoelectronics, sensors and medicine. Theapplications of these nanoparticle
systems requires the controlled fabrication of useful structures such as Langmuir-Schae�er �lms
measuring centimetres in two dimensions, yet just nanometres in the third.

The structure of discrete nanoparticles as well as multilayer assemblies have been studied. Bilayers
have been produced for lithography and multilayers for sensing and conductivity studies. These
systems have been studied, optimised and the results reported in international journals.

Impact on Society
Studying novel materials such as gold nanoparticles will allow the next generation of miniaturised
devices to be produced|taking advantage of quantum e�ects and new processing techniques. This
will have a large impact on many aspects of modern life from electronics to medicine.

To be able to produce viable systems incorporating these newmaterials they must �rst be
characterised and optimised which is a central aim of this work. Multilayer assemblies/arrays
of discrete gold nanoparticles have been produced enablingthe production of wires less than one
thousandth of the width of a human hair and sensitive gas detectors.

Structure
A gold nanoparticle is basically a crystalline gold core with a
single layer of thiol molecules attached to the surface, covering
the core and preventing any further aggregation. The thiols
used in this work are shown in �gure 1 along with a schematic
image of a nanoparticle. By using di�erent thiol molecules to
encapsulate the nanoparticle its properties can be modi�ed,
e.g. the longer chain thiols showed virtually no electrical
conductivity whereas the shorter chains showed increasinglevels
of conductivity.

Figure 1: Thiol molecules (left) and a schematic of an encapsulated

nanoparticle (right).

Transmission electron microscopy has been used to examine the
structure of the gold cores of the nanoparticles. A particularly
nice image of a single core suspended between two others by
some thiol molecules is shown in �gure 2. The nanoparticles
used in this work had a core diameter of 2.5{4.5 nm as
determined using this technique, with a crystalline structure
similar to that seen in bulk gold. They are also quite clearly
faceted.

Figure 2: Transmission electron micrograph of gold nanoparticles.

Computer simulations were performed to model the build up of
multiple layers. This began with building up two-dimensional
monolayers, several of these layers were taken and built up into
multilayers to simulate the fabrication of multilayer structures
analogous to those used in experimental work.

Figure 3: Simulated layer (top) and four layer �lm (bottom).

Figure 3 shows a top down view of a single layer and a four
layer �lm as produced by simulation software written in the
course of this work. The data produced by this simulation were
compared to experimental data such as atomic force microscopy
(AFM) and X-ray re
ectivity|good agreement was found.

Langmuir Films
The nanoparticles were spread on a water surface and
compressed into a tightly packed monolayer. They were
deposited onto 
at hydrophobic surfaces such as glass,
interdigitated gold electrodes and silicon for further study
and characterisation. This is known as Langmuir-Schae�er
deposition and is shown schematically in �gure 4.

Figure 4: Schematic of the Langmuir-Schae�er deposition process

from a water surface.

Lithography
Lithography is a technique commonly used in the microelec-
tronics industry to produce the latest generation of electronic
devices, many of which now have their smallest dimensions
measured in nanometres, such as Intel and AMD's latest 60 nm
dual core processor chips.

In this work an ultraviolet (UV) laser was used to pattern lines
(or wires) into a gold bilayer deposited onto silicon using the
Langmuir-Schae�er technique described above. The unexposed
nanoparticles could then be washed away, leaving only the
exposed gold nanoparticles on the silicon surface.

Figure 5: AFM image showing the 1-dodecanethiol gold

nanoparticle �lm test pattern after exposure and washing.

Figure 5 shows some test patterns of the 1-dodecanethiol coated
nanoparticles after washing which clearly show the square test
pattern. The same test patterns were tried using the other
two thiol encapsulated gold nanoparticle �lms but they were
not as successful. It was di�cult to wash away the unexposed
areas of the 4-methylbenzenethiol coated nanoparticles and the
1-hexanethiol coated nanoparticles did not form uniform layers.

Figure 6: AFM image showing nanowires made from 1-

dodecanethiol gold nanoparticle bilayers.

Figure 6 shows the nanolines that were made in a gold
nanoparticle �lm. This technique could be used in the
fabrication of new micro and nano-electronic devices such as
sensitive nanowire probes or to make structures of any shape
desired on the silicon surface. This could include electrical
contacts with single molecule transistors and logic circuits that
are currently being investigated.

Sensing
Thin �lms of gold nanoparticles were made using the Langmuir-
Schae�er technique described earlier. They were depositedonto
interdigitated gold electrodes as shown in �gure 7 (left) and
their properties examined in a custom conductivity apparatus
as shown in �gure 7 (right).

Figure 7: Schematic of interdigitated gold electrodes (left) and the

conductivity apparatus (right).

The conductivity apparatus allows the temperature to be
controlled whilst delivering various gases or vapours directly
into the chamber at predetermined concentrations using a mass

ow controllers. The electrodes were supplied with a constant
voltage and the current variation was measured.
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Figure 8: Temperature dependence of a gold nanoparticle �lm.

Figure 8 shows the temperature dependence of a 4-
methylbenzenethiol encapsulated gold nanoparticle �lm. As
can be seen the resistance of the �lm decreases with increasing
temperature in much the same way that a semiconductor does.
It can also be seen that subsequent cooling and reheating
produces a di�erent curve for the same �lm|there is a
permanent change in the �lm after the �rst heating cycle leaving
the �lm less resistive on all future cycles.
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Figure 9: Current response of a 4-methylbenzenethiol gold

nanoparticle �lm to 0.5 ppm NO2.

One possible use for these thin �lms is in the detection of toxic
gases such as NO2 (nitrogen dioxide). Figure 9 shows a typical
response observed when the �lm is exposed to NO2 at 1 ppm
(part per million) at room temperature. The voltage remains
constant and the current increases as the gas molecules dope
the thiol molecules.

Responses have also been observed in response to chlorine gas
at 5 ppm and below as well as to various organic vapours such
as chloroform, ethanol and methanol. The vapours seem to
swell the �lms and so increase the resistance of the �lm.

Conclusions
Transmission electron microscopy showed that the nanoparticle cores have a range of sizes from
2.5{4.5 nm, are faceted and are composed of crystalline gold. Atomic force microscopy and X-ray
re
ectivity data con�rmed that layers deposited and built up.

Ultraviolet lithography demonstrated that nanolines withwidths of 50 nm could be patterned,
suggesting that more intricate structures are also possible. Electrical characterisation has shown
that gold nanoparticle thin �lms behave like semiconductors rather than continuous metallic �lms.
NO2 has been detected down to levels of less than one part per million.

Future Work
A large amount of research has already been done on gold nanoparticle systems but there is still
much more that needs to be investigated. Each of the three streams of research presented above
requires further investigation and there are already new researchers beginning to do this work.
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