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Gold nanoparticle arrays are currently of great interest due to
their unique and tunable optical and electrical properties.
(1-5) Several applications of these materials have been
suggested, such as substrates for surface enhanced Raman
spectroscopy, non-linear optical devices and optical gratings.
The materials properties of these arrays are determined by
the size, shape and separation of the nanoparticles; control
of these attributes is therefore critical to the successful design
of functional materials. Synthetic methods use to create
nanoparticle arrays have been recently reviewed in great
detail; (4) the principle methods are Langmuir-Blodgett
assembly and electrophoretic deposition. (4,6) Chemical
vapour deposition is an industrially used technique for
depositing thin films on a variety of substrates. (7-9) We have
previously reported the deposition of gold nanostructured
films using aerosol assisted CVD (AACVD) from preformed
gold nanoparticle precursors. (10) In this communication we
report the use of hydrogen tetrachloroaurate (HAuCl,.3H,0)
and tetraoctylammonium bromide (TOAB) as AACVD
precursors to form films of metallic gold nanoparticles with
narrow size distributions. It is thought that TOAB acts to
direct the growth of the particles during the deposition
process in an analogous fashion to the widely known solution
phase synthesis of spherical gold particles. (11) In contrast,
we have recently reported that films deposited in a similar
manner from HAuCl, alone resulted in particles with very
wide size and shape distributions. (12)

Aerosol Assisted CVD was carried out using a horizontal
bed cold wall CVD reactor previously described in detail. (10)
Templated gold films were deposited using a solution of
hydrogen tetrachloroaurate trihydrate (HAuCl,.3H,0) and
tetraoctylammonium  bromide  (TOAB)  of  various
concentrations in methanol (40 mL). Upon addition of TOAB
to the solution of HAuCl,, the solution changed in colour from
pale yellow to dark orange over a period of 5-10 minutes.
An aerosol generated from this solution using an 20 kHz
ultrasonic device. The mist thus produced was transported to
the reactor by a flow of nitrogen at a flow rate of 2.0 L min™.
The precursor mist passed through a mixing chamber
before entering the reactor between the heated substrate
and an unheated top plate placed parallel to the substrate
and 8 mm above it. Depositions were carried out at substrate
temperatures between 400°C and 600°C. The films were
deposited onto the SiO, barrier layer of chemically cleaned
float glass supplied by Pilkington Glass Plc.

In all cases deposition occurred on the substrate and top
plate. Only analysis of the substrate shall be considered here.
The film characteristics varied along the length of the
substrate with distance from the precursor inlet. Moving
along the substrate from the aerosol inlet, the substrates
appeared colourless, red, blue, red, then colourless in
transmitted light. In reflected light, the films appeared
metallic gold. Scanning electron micrographs were taken
along the length of a film deposited at 500°C from a solution
of HAuCl,.3H,0 (0.080 g) and TOAB (0.50 g) in methanol (50
mL). Figure 1 shows scanning electron micrographs (A, B, C,
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Figure 1

Scanning electron micrographs of a gold nanoparticle film deposited from HAuCl, and TOAB. A, 4.3 mm 8, 6.3 mm C, 9.6 mm D, 14.7 mm along the length

of the substrate

D) taken at 4.3, 6.3, 9.6, 14.1 mm along the length of the
substrate respectively. Spherical gold particles are clearly
discernable, the coverage increasing with increasing distance
along the substrate. In image D, it is evident that coverage is
in excess of one monolayer, but despite this, the
nanoparticulate structure of the film remains. Particle size
distributions were calculated from images A, B and C, as in
these images the particle edges were clearly discernable. It is
often found that the size distribution of finely divided particles
is lognormal. (13-16) In some reports, however, gold
nanoparticles have been produced with normal size
distributions. (17) A probability plot was used in order to
determine which distribution best fits the particles produced
in this report. Figure 2 shows the histogram of particle sizes
taken from image C and, inset, a probability plot of the
cumulative frequency against the diameter, d, and log
diameter, log(d). The histogram is nearly symmetric,
suggesting a normal distribution; this is confirmed by the
straight line seen in the probability plot against d. In contrast,
the probability plot against log d shows greater deviation
from linearity, showing that a lognormal distribution is not
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appropriate. (17) Size distributions taken from images A, B, C
were therefore fitted with normal distributions with mean
particle diameter, <d>, 117, 120, 121 nm and standard
deviation, o, 14, 13, 18 nm respectively. The sample sizes
were 138, 192 and 230 particles respectively. The values of
<d> and ¢ showed little variation over the length of the
substrate. The percentage standard deviations of 12, 11, 18 %
respectively compare favourably with those observed in
optimised solution phase gold nanoparticle syntheses.(18-
21) Particle geometry was assessed by measuring the aspect
ratio (ratio of long axis to short axis). 80 % of particles in
image B (figure 1) had aspect ratio below 1.3, and no particles
were observed with aspect ratio greater than 1.6. The
particles produced in this method are therefore highly
spherical; no rods, cubes or other geometries were observed
in any portion of the film.

The mean size of the particles could be changed by
changing the deposition conditions. Increasing the amount
of TOAB used to 1.0 g led to particles with mean size 95 nm
and standard deviation 13 nm. Decreasing the deposition
temperature to 400°C led to particles with mean diameter

67



230 particles

w=121nm
Z 0270=18nm
c
[
& /
<
= i
2 !
® 0.1+ /
£
2 {]

/
0 } f -+ t

-

]

AY

ey
| — |

10 30 50 70 90 110

Nanoparticle diameter [ nm

130 150 170 190 210

T T T
NN
S o N

DPRQ N O @qogb

Cumulative probability function | % ~ ©

256
2.4
22 T
[=2]
o
2.0
-1.8
T T T T T

O

Figure 2

Above: Size distribution of particles from image C, figure 1. The dotted line is a normal fit with the parameters specified inset. Below: Probability plot of the
same data; the more linear fit was found to the normal over the log-normal distribution

101 nm and standard deviation 40 nm. The effects of
changing deposition parameters must be investigated more
extensively and in more detail, but these initial results suggest
that the particle size distribution might be easily tuned by
changing experimental parameters.

The optical properties of the nanoparticle films were
investigated using UV [ vis spectroscopy. In all films a plasmon
resonance band was observed, showing that the films are
nanoparticulate in nature and not continuous gold films.
(22,23) The wavelength of the plasmon band absorption
maximum varied along the length of the substrate, ranging
from 575 nm to 693 nm. The optical properties of films of
gold nanoparticles have been studied in detail by several
groups. (24-27) At low volume fraction of gold, particles
behave independently, and show plasmon absorption similar
to that of isolated nanoparticles. At higher volume fractions,
the plasmon absorption is red shifted due to inter-particle
coupling. A plasmon absorption around 575 nm corresponds
to low volume fraction (~0.2) gold films in which the particles
show little interaction with each other. A plasmon peak
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around 693 nm corresponds to a dense film with gold volume
fraction around 0.6. (27) It should be reiterated that the
particle size remains almost constant throughout the film,
only the separation changes. The plasmon properties of the
film can therefore be tuned within a reasonably large portion
of the visible spectrum.

Glancing angle X-ray diffraction (XRD) confirmed the
presence of crystalline cubic gold in all films. Cubic Au [111]
and [200] peaks were recorded at 26 values of 38.4° and
44 2° respectively (A = 1.540 x 10" m). These peak positions
and the FWHM were invariant along the length of the substrate
in each film, showing a constant crystallite size.

In conclusion, nanoparticulate films with narrow size
distributions have been deposited from simple inorganic
precursors using a one step AACVD process. The films showed
invariant particle diameter over the length of the substrate,
and showed optical properties characteristic of films of gold
particles of different volume fractions. Furthermore, the
particle sizes could be changed by altering the deposition
temperature and precursor concentrations.
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