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Aerosol-assisted deposition of gold nanoparticle-
tin dioxide composite films†

Clair Chew,a Peter Bishop,b Carmen Salcianu,b Claire J. Carmalta and Ivan P. Parkin*a

Composite gold/tin oxide films were grown from a simple one-pot precursor solution containing

monobutyltin trichloride and auric acid in methanol using aerosol assisted chemical vapour deposition

(AACVD). Two types of films were formed on glass – gold nanoparticle films on the top plate and

Au/SnO2 composite film on the heated substrate. The composite film showed different amounts of gold

incorporation with position from the inlet – enabling a graded film to be formed. This enabled rapid

assessment of the films' functional properties. Optimum locations showed a combination of desirable

properties including a blue colouration and reflectivity in the IR. This work shows that the colour of TCO

films can be tuned by gold nanoparticle dopants without removing the TCO properties.
1 Introduction

Nanometre sized gold nanoparticles exhibit strong surface
plasmon resonance (SPR).1 The SPR can be seen by an absorp-
tion in the UV-visible spectra which arises when the incoming
light is coherent with the electrons oscillating on the surface of
the nanoparticle.1 This effect is exploited for uses such as in
third order linear optics2 and surface enhanced Raman spec-
troscopy.3 Furthermore the incorporation of noble nanoparticles
into metal oxides has been said to improve desirable properties
such as the photocatalytic properties of TiO2,4 electrochromic
performance of WO3 (ref. 5) and gas sensing sensitivities of
SnO2.6 The strong SPR in the visible range of gold nanoparticles
also enables them to be incorporated into glass during produc-
tion process to make aesthetically pleasing body tinted coloured
glasses – such as those used in stained glass windows.7 However,
the nanoparticles do not need to be incorporated into the body
of the glass to have an effect, they can be inserted into thin lms
used as window coatings. The colour of the nanocomposite lms
will depend on both the nanoparticles – the shape, size, nature
as well as the surroundings. Therefore, the resulting colour of
the lm should be tunable according to the properties of the
nanoparticles.

Tin dioxide is a widely deposited transparent conducting
oxides (TCO) in its F-doped form, especially for low emissivity
architectural windows – it is highly reective in the IR8 with a
large band gap of 3.6 eV.9 These “smart” windows can have
more advanced forms when combined with an electrochromic
artment of Chemistry, University College

AJ, UK. E-mail: i.p.parkin@ucl.ac.uk

Common, Reading, UK

tion (ESI) available. See DOI:
layer which is able to change colour when certain voltages are
applied.10,11 In optoelectronic devices such as at panel
displays, touch screens and photovoltaic cells, tin oxide is uti-
lised as a transparent electrode. Furthermore, tin oxide has also
been found to be an effective detector for gas sensing
devices.12,13 Tin oxide is favoured because of its highmechanical
and thermal stability, making it long lasting and able to with-
stand high temperature processes.14 An insulator when stoi-
chiometric, tin oxide becomes conducting when oxygen
vacancies are generated in it or when doped with elements such
as F or Sb.15 Even when tin oxide is in this n-type semiconductor
state the band gap is still wide enough to maintain trans-
parency.16 Although having slightly lower conductivity uorine
doped tin oxide (FTO) is a viable alternative to the industry
leader indium – tin oxide, being cheaper and having higher
thermal stability.17 Commercial FTO glass is mainly deposited
by spray pyrolysis or by chemical vapour deposition (CVD) for
example onto hot glass during oat glass production.11,18

We report an investigation into the formation of tin oxide
lms with embedded gold nanoparticles by AACVD. Aerosol
assisted CVD requires an aerosol to be generated from a
precursor solution and deposited onto a hot substrate. The
organic substances breaks down and leaves behind a thermally
stable thin lm oen of desired composition.19 This process is
easily reproducible and similar to industrial scale reactions.
Many precursors have been investigated for the deposition of
tin oxide,20 this paper uses monobutyl tintrichloride (MBTC) as
a precursor. The type of CVD described here generates the
precursor aerosol using an ultrasonic humidier and is termed
aerosol assisted CVD (AACVD).

One of the primary reasons for investigating this system was
to see if gold could be used as colourant in a CVD derived lm.
Many methods exist for producing coloured glass, the main one
is to add metals into the bulk of the glass giving body tinted
This journal is © The Royal Society of Chemistry 2014
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glass.21 The disadvantage of this method is that on a commer-
cial scale the glass holding tank can take weeks to change colour
if a different coloured glass is required. By incorporating
nanoparticles exceptional colouration efficiency within a thin
lm coating or glass would be an alternative method by which
coloured glass could be made. This would not suffer from the
change over problems of body tinted glass. The tuning of colour
has been investigated with a nanocomposite VO2 lm with Au
nanoparticles.22 Using this AACVD method we can make Au
nanocomposite SnO2 lms in an adherent way suitable for us as
part of an industrial glass manufacturing process.

The reaction conditions were designed so that we could
generate gradients of both nanoparticle and tin dioxide on the
lm of different ratios. The reason for this was so that we could
rapidly explore phase composition space from a limited number
of deposition runs and by incorporating nanoparticles at
different concentrations lms with different colour should be
obtainable. Furthermore the inclusion of metal nanoparticles
would also be expected to effect the glass conductivity and
reectivity properties – perhaps enhancing their behaviour as a
solar reective coating.23

2 Experimental
2.1 Materials

N-Butyltin trichloride (monobutyltin trichloride or MBTC) was
purchased from Sigma-Aldrich Chemical Co; methanol from
Merck Chemicals and hydrogen tetrachloroaurate(III) hydrate
was supplied from Alfa Aeser by Johnson Matthey PLC.

2.2 Precursor solutions

Butyltin trichloride (2 mmol) and varying amounts of hydrogen
tetrachloroaurate(III) hydrate were dissolved into 20 ml of
methanol and le to stir thoroughly before being used in the
AACVD reaction. The ratio of 0.06 Au : Sn was chosen to be
studied in a variety of temperatures because it gave a good
gradient range of gold depositions when compared to the others.

2.3 Aerosol assisted chemical vapour deposition

Depositions were carried out in a cold-walled horizontal-bed
CVD reactor. The reactor contained a top and bottom plate for
deposition to occur, both composed of SiO2 barrier glass
(dimensions: 145 � 45 � 5 mm) supplied by Pilkington NSG.
Deposition was carried out on the barrier layer to prevent
possible ion transfer from the bulk glass. A carbon block under
the bottom plate heated the CVD reactor. The top plate was
positioned 8 mm above and parallel to the bottom plate, the
complete assembly was enclosed within a quartz tube. The
aerosol of the precursor solution was generated using a PIFCO-
HEALTH ultrasonic humidier with an operating frequency of
50 kHz and 20 W of power. The aerosol generated was moved to
the reactor using a nitrogen gas ow via polytetrauoroethylene
and glass tubing, where it entered through the inlet to the top
and bottom plate. The reactor waste gas le through an exhaust.
The ow of nitrogen carrier gas transported the vapour from
the ask until all liquid was spent, this took typically 30–45
This journal is © The Royal Society of Chemistry 2014
minutes. The ow of nitrogen was maintained at 2.0 l min�1.
The temperature of the carbon heating block was varied
between 400 and 500 �C with corresponding changes in lm
characteristics determined. The heat and nitrogen ow into the
reactor was then turned off and le to cool to room tempera-
ture. The cooled plates were removed and handled in air.

2.4 Film analysis

Scanning electron microscopy (SEM) was carried out on a JEOL
6301F instrument using voltages between 5 and 20 kV. Energy
Dispersive X-ray (EDX) analysis was also carried out on the same
instrument at an operating frequency of 20 kV. Powder X-ray
Diffraction (XRD) patterns were measured on a Bruker-Axs D8
(GADDS) diffractometer using monochromated Cu Ka radia-
tion. UV-vis spectra were taken using a Thermo Spectronic
Helios Alpha single beam instrument over a range of 200–2500
nm. Conductance measurements were taken with an ammeter.

2.5 Results of SnO2 and gold nanoparticle lms

Films of SnO2 were deposited from a precursor solution of
BuSnCl3 (2 mmol) in methanol (20 ml) at 400, 450 and 500 �C.
The gold nanoparticle lm was deposited at 450 �C from a
solution of HAuCl4 (0.12 mmol) in methanol (20 ml).

2.5.1 Film appearance. The SnO2 lms deposited at the
investigated range of temperatures were all transparent with a
slightly yellow tint. SnO2 thin lms adhered well to the glass,
passing the Scotch tape test. Looking in transmitted light the
gold nanoparticle lms were mostly blue and purple, but with
an orange colour close to the inlet on the top plate indicating
very thick gold depositions (Fig. 1). There was also metal-like
gold reectivity in the blue and purple areas even though the
particles of gold were separated and the lm was not conductive
as seen from previous studies.23,24 The gold particle lms were
powdery and wiped of easily with tissue and routine handling.

2.5.2 Phase deposited and surface morphology. Poly-
crystalline SnO2 thin lms were deposited fromMBTC dissolved
in methanol as a blank control without the use of gold. Meth-
anol was chosen as the oxygen source because it has been
shown to improve the density of FTO lms,25 thus leading to
greater conductivity. Fig. 2 shows that the (110) plane is the
dominant peak throughout all temperatures of deposition from
400 to 500 �C. There is a slight increase in the intensity of the
(200) plane with decreasing deposition temperature. No Sn(II)O
peaks were observed despite having deposited the lm with N2

carrier gas indicating that the oxygen from the methanol was
being incorporated efficiently into the SnO2 matrix. Reections
for cubic gold were observed from the XRD pattern of the gold
nanocomposite lms. The background on the XRD patterns of
the gold nanoparticle lms (Fig. 2) were more visible when
compared to the SnO2 thin lms and increased further from the
inlet. This indicates that the thickness of the gold lm
decreases moving away from the inlet as more of the precursor
is deposited which is ideal in our investigation of a graduated
Au/SnO2 lm.

The gold depositions were investigated in SEM (Fig. 3) and it
was observed that the lms were discontinuous, having either
RSC Adv., 2014, 4, 13182–13190 | 13183
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Fig. 1 Schematic of an aerosol assisted chemical vapour deposition
set up and regions wheremeasurements were taken at 1 (a), 5 (b) and 9
cm (c) away from the inlet.
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particulate or island morphology. This indicates that the
reduction of auric acid into bulk gold occurs in the precursor
droplet prior to deposition otherwise it might be expected that if
the auric acid was reduced on the surface of the glass, a thin
lm of gold should form.
Fig. 2 XRD patterns of SnO2 (left) deposited at 400, 450 and 500 �C an

Fig. 3 SEM images of auric acid showing island growth on the bottom

Fig. 4 Transmittance (a) and reflectance (b) spectra of SnO2 deposited

13184 | RSC Adv., 2014, 4, 13182–13190
2.5.3 Optical and electronic properties. The SnO2 lms
showed the typical reectance (right, Fig. 4) in the far IR due to
charge carrier concentration, with a higher reectance relating
to the sheet resistance i.e. lowest at around 100 U sq�1 for SnO2

deposited at 500 �C compared to 250–400 U sq�1 when depos-
ited at 400 and 450. The transmittance of the lms is high,
between 70 and 80% in the visible range which makes them
ideal for low emissivity window coatings (Fig. 5).

The gold lms possessed a broad reectance from 500 nm
and onwards towards longer wavelengths characteristic of the
metallic reectance. There is a strong absorbance from the SPR,
resulting in the blue colour when looking through the lm.

2.6 Results of Au:SnO2 composite lms

Films were grown from a one pot solution of BuSnCl3 (2 mmol)
and varying amounts of HAuCl4$3H2O dissolved in 20 ml of
d a typical XRD pattern observed the gold nanoparticle films.

plate (left) and nanoparticle deposition on the top plate.

at different temperatures.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Transmittance, reflectance (a) and absorption (b) spectra of a typical gold nanoparticle deposition. Spectra measured at position b from a
bottom plate deposition of auric acid (0.12 mmol) in methanol (20 ml).

Fig. 6 Photograph showing the gradient deposition viewed from
transmitted (top) and reflected light from an auric acid and butyltin
trichloride ratio of 0.06 on the top plate.

Table 1 Showing different compositions of precursor solutions for the
deposition of gold and SnO2 thin films. All carried out with butyltin
trichloride (2 mmol) in methanol (20 ml)

MBTC
amount/mmol

HAuCl4
amount/mmol

Au : Sn
precursor
atomic ratio

Deposition
temperature (�C)

2 0 0 400, 450 and 500
0 0.12 — 450
2 0.1 0.05 500
2 0.12 0.06 400, 450 and 500
2 0.20 0.10 500
2 0.40 0.25 500
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methanol as shown in Table 1. The Au : Sn ratio of 0.06 was
then chosen for more in depth investigations at 400, 450 and
500 �C because the lm had the best incorporation and gradient
of gold in the SnO2 matrix (Fig. 6).

The bottom plate which rests on the carbon block is at the set
temperature, the top plate however is typically around 50 �C
lower in temperature. Film deposition occurred on the top
plate, composed of mostly gold and the bottom plate, of mostly
tin(IV) oxide. The lms deposited at 400 �C and 450 �C tended to
cover the whole substrate. At higher temperatures, i.e. 500 �C
the precursor breaks down quicker and most of the deposition
occurred in the rst 2/3 of the substrate which relates to the
regions investigated (Fig. 1).
This journal is © The Royal Society of Chemistry 2014
2.6.1 Film appearance. The top-plate depositions were
mostly of gold nanoparticles which tended to be powdery and
non-adhesive. On the bottom plate the deposition were gener-
ally adhesive provided the lms were less than ca. 1 mm thick.
The top plates appeared in transmitted light to be blue, purple
and orange near the inlet. In reected light, the top plates seem
to have a gold metal-like reectivity. The top plates appeared
very similar to the top plates from auric acid depositions
(Section 3.5). However, the bottom plates have a dark blue and
black colouration in transmitted light and were slightly purple
and reective in reected light. The blue colouration of the
lms is an indication of the presence of gold nanoparticles as
tin oxide is colourless. Different precursor concentrations of
gold displayed the same colours and metal like reectivity only
with the relative intensity corresponding to the amount of
precursor used and hence the different amount of gold depos-
ited. The amount of Au relative to Sn can thus be controlled
directly by the amount of gold used in the precursor solution.

2.6.2 Phase deposited. Auric acid added to the tin
precursor facilitated the deposition of tin(IV) oxide lms with
embedded gold nanoparticles. Fig. 7 shows the initial progres-
sion of deposited phase for both the top and bottom plate lms
at different distances from the inlet. For the top plate, the
intensity of gold reections reaches a maximum very near the
inlet and slowly decrease as distance increases. In comparison,
the bottom plate SnO2 XRD reection intensities do not
increase initially but reaches its maximum at 3–4 cm from the
inlet. This indicates that the Sn precursor breaks down slower
RSC Adv., 2014, 4, 13182–13190 | 13185
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Fig. 7 XRD patterns of the top-plate (a) and bottom-plate (b) of gold nanocomposite SnO2 (precursor 0.06 ratio) deposited at 450 �C. Labels
refer to reflections from metallic Au (left figure) and SnO2 (right).
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than the auric acid. With the auric acid breaking down quicker,
it is plausible that some nanoparticles could form in the aerosol
prior to deposition. These particles would then be very
susceptible to thermophoresis and therefore deposit on the top
plate.

Normally the presence of gold is not detectable in the XRD
pattern of the bottom plate depositions even though gold is
detected (EDX and XPS) and an SPR can be observed, thus the
nanoparticles are believed to be embedded within the SnO2

matrix rather than on the surface. The broadening of the SnO2
Fig. 8 XRD pattern showing a region of 0.5 Au : Sn (mol). Planes refer
to SnO2 (*) and Au (B).

Fig. 9 Photoelectron spectra from a bottom plate deposition (Au : Sn 0.
(487.5 eV) and Au 4f 5/2 (88.3 eV) and 4f 7/2 (84.6 eV) core levels.

13186 | RSC Adv., 2014, 4, 13182–13190
reections have been observed to be a result from (i) decreasing
deposition temperature and so smaller crystallite size,26 and (ii)
the addition of auric acid in the precursor solution which in the
reactor, interferes with the surface reactions and deposition of
crystalline SnO2. Overall, the top plates have lower amounts of
deposit and the signal from the amorphous glass comes
through in the XRD patterns resulting in broader peaks and
higher backgrounds. Most of the XRD patterns of all the top
plates display exclusively cubic Au even though the presence of
SnO2 could be detected by XPS for the 500 �C deposition indi-
cating a very thin lm. If there was sufficiently high Au and SnO2

deposit, both of their peaks can be detected in XRD (see Fig. 8).
EDX was used to quantify the Au : Sn atomic ratio of the

deposited lm on the heated substrate and is given in Table 1.
XPS was also used to identify the elements. An example XPS for
a deposition at 500 �C (region a) is shown in Fig. 9 where the
calculated Au : Sn (mol) from the spectra is 0.52, agreeing well
with EDX of 0.47. The Sn 3d peaks display an observed spin
orbit coupling of 8.4 eV which is in good agreement with
reference for SnO2.27 The binding energy of the 3d 5/2 is
observed at 486.8 eV, which is comparable to the reported range
of 486.95–487.3 eV.28–30 XPS also shows that the deposition of
gold occurs on both the bottom and top plate and was depen-
dant on location (see Table 2). The Au 4f 7/2 peak from the
nanoparticles was located at 84.1 eV around the region of
elemental gold reference values at 84.00 eV (ref. 31) and
06 precursor concentration at 500 �C) of Sn 3d 3/2 (495.9 eV) and 5/2

This journal is © The Royal Society of Chemistry 2014
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Table 2 Data taken from SnO2 (top row) and various points from a bottom plate Au/SnO2 nanocomposite deposited at 3 different temperatures.
The points were chosen to show a range of Au : Sn molar ratio which were determined by EDX. The corresponding SPRmaxima were measured.
All the films were deposited from a precursor solution of 2mmol BuSnCl3 and a Au : Snmolar ratio of 0.06 in 20mlmethanol at 400–500 �C. The
region labels (a–c) are stated with the deposition temperatures referred to in Fig. 1

Temperature of
deposition (�C)

Au : Sn
(mol)

SPR
maximum (nm)

XRD phase
observed

Lattice parameters of SnO2

unit cell a ¼ b; c (Å)

500 (a) 0.47 559 Au/SnO2 4.73; 3.21
500 (b) 0.14 555 SnO2 4.74; 3.18
500 (c) 0.03 — SnO2 4.77; 3.19
450 (a) 0.54 570 Au —
450 (b) 0.12 551 Au/SnO2 4.77; 3.20
450 (c) 0.08 558 SnO2 4.74; 3.16
400 (a) 0.50 597 Au —
400 (b) 0.21 517 Au —
400 (c) 0 — SnO2 4.78; 3.19
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84.04 eV.32 On the bottom plates, XPS gave no evidence for Sn
incorporating in the gold nanoparticles or for gold substituting
into the SnO2 lattice. The XPS data again conrmed the pres-
ence of mostly Au on the top plate as SnO2 was only detected for
depositions at 500 �C.

2.6.3 Surface morphology. SEM was used to image the
lms and observe the surface morphology. Fig. 10 shows SEM
images of the 3 regions investigated from one example bottom
plate. A range of clusters faceted structures ((a) and (b) in
Fig. 10) were observed when increasing distance from the inlet.
The faceted structures corresponded to sharp SnO2 peaks in the
XRD pattern (Fig. 7) and is found in other similarly poly-
crystalline SnO2 thin lms.26 The lms which were more cluster-
like had also a higher Au : Sn. The morphological changes from
faceted to clusters were also observed for decreasing deposition
temperature and increasing gold precursor. Higher tempera-
tures seem to favour the formation of polycrystalline SnO2 on
the bottom plate, whichmight be due to a larger amount of gold
nanoparticles being thermophoretically pushed towards the top
plate. For higher Au : Sn precursor ratio or at a lower tempera-
ture, there are more resulting gold nanoparticles in the reactor
and on the bottom plate surface whichmight interrupt the SnO2

formation, resulting in clusters rather than strongly crystalline
facets.

Individual gold particles were observed on the top plate of
lms deposited at 400 and 450 �C and a layer of nanoparticles
for lms deposited at 500 �C (see Fig. 11). As mentioned before,
thermophoresis has an increase effect on larger particles, it
Fig. 10 SEM image taken at different regions on the bottom plate of Au
Au : Sn atomic ratio in 20 ml methanol – distance from inlet (a) 0 cm, (b

This journal is © The Royal Society of Chemistry 2014
indicates that the gold atoms are aggregating and forming
nanoparticles in gas phase reactions before deposition. As with
XRD patterns, the gold nanoparticles cannot be seen in the SEM
images of the bottom plates even when an SPR absorption was
present, indicating they are embedded within the SnO2 host
matrix.

2.6.4 Optical and electronic properties. All conductance
measurements were made on a 2-pt probe ammeter. The resis-
tance of the lms were on average in the 1 kU sq�1 range which
isn't optimum for conducting purposes. However, the Drude-like
reectance in the far IR that is normally indicative of the pres-
ence of charge carriers seems to be unperturbed (Fig. 12(iii))
leading us to think that the position of gold nanoparticles
embedded within the SnO2 matrix disrupts the conduction
mechanism but retains the optical character. It is also possible
that the metallic gold deposits also contribute to this reectance
feature. Smaller areas of darker regions were also reported which
had much lower resistances around 2–3 U sq�1. This could in
part be due to high concentration of gold nanoparticles in the
lm – reaching close to the percolation limit for metal conduc-
tivity. If it were needed for specic electronic applications, the
electrical conductance of SnO2 could be increased introducing
more oxygen vacancies and n-type doping.

Fig. 12(i) shows the transmission from the bottom plate
deposited at 500 �C from a Au : Sn atomic ratio of 0.06 in the
precursor solution at distances of around 1, 5 and 9 cm away
from the inlet chosen for their measured Au : Sn (EDX) and
corresponding to the data in Table 2. The graph in Fig. 12(ii)
-doped SnO2 deposited at 500 �C from a precursor solution of 0.06
) 4 cm and (c) 8 cm.

RSC Adv., 2014, 4, 13182–13190 | 13187
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Fig. 11 SEM images of gold nanoparticles deposited on the top plate
with HAuCl4$3H2O and BuSnCl3 ratio of 0.06 in 20 ml methanol at (a)
500 �C, (b) 450 �C, and (c) 400 �C.
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shows the corresponding SPR band absorptions. Higher Au : Sn
ratio results in a lower transmission across all recorded wave-
lengths and higher relative absorbance intensities.

UV/visible spectroscopy showed surface plasmon (SPR)
absorption peaks in all the lms but not all areas on the bottom
and top plates. There were areas where the interference patterns
were strong and the SPR peaks could not be determined. The
width of the SPR band increase with Au content indicating a
13188 | RSC Adv., 2014, 4, 13182–13190
widening of the dispersion of the nanoparticles.33 From the
observable SPR bands, the maxima varied and ranged from 510
to 602 nm also indicating a variety of sizes and concentrations.
The position of the SPR usually changes according to the
different sizes of the nanoparticles, the concentration and the
dielectric constant of the medium in which they sit in. However,
due to the fact that the nanoparticles in the Au/SnO2 are
embedded within the metal oxide matrix, the sizes and
concentration of the nanoparticles could not be investigated
and correlated with the SPR position.

On the top plate where only gold depositions were seen,
there is an opposite trend (ESI Fig. 1†). As EDX shows no Sn
deposited, no Au : Sn value could be measured and the absor-
bance intensity was taken as an indication of the amount of
gold deposited. An increase in gold content thus results in a
narrowing of the spectroscopic SPR, this narrowing suggests
lower dispersity.33 This is similar to what is seen with deposi-
tions of gold lms, where a lower precursor concentration has
been shown to give island growth morphology whilst a higher
concentration shows particulate morphology,24 due to gas phase
reactions being favoured at high concentrations and surface
reactions at lower concentrations.

2.6.5 Reaction pathway. The formation of the gold nano-
particles in the reaction comes from the decomposition of auric
acid in the gas phase during the CVD process. The tin dioxide
host matrix deposited on the heated bottom plate substrate at all
investigated temperatures but on the unheated top plate only
during 500 �C depositions. Interestingly the gold nanoparticles
were found embedded within the tin matrix – affording intense
SPR generated colours – however the nanoparticles were
predominantly within the bulk of the tin oxide coating and it
could not be imaged easily by SEM at the surface. The top plate
regions investigated showed mostly gold nanoparticles. The fact
that a signicant amount of gold nanoparticles were observed on
the top plate is a result of thermophoresis where the already
formed nanoparticles in the gas phase nd it difficult to diffuse
through the diffusion layer at the heated surface and rebound,
eventually settling on the cooler top plate.22 The observed top
plate nanoparticles formed were of different sizes and shapes but
showed triangular and hexagonal facets as well as spherical
particles. Notably, the concentration of gold both within the tin
dioxide lm matrix on the heated substrate and on the top plate
varied considerably with distance from the inlet to the reactor.
This enabled the generation of a combinatorial lm – where the
nanoparticle to host matrix ratios variedmarkedly down the lm.
This enabled us to explore the composite phase space rapidly and
enabled determination of the best regions for colouration and for
reective properties – as well as for conductivity.

Themethanol carrier solvent has a key effect in the reaction –

both for formation of the nanoparticles and for the metal oxide
host formation. Methanol has been shown in a number of CVD
reactions to promote the formation of elemental metals –

especially for Cu,34 Ag (ref. 35) and Au.24 It is thought that it can
decompose in the reactor in the presence of metal nanoparticles
to form an in situ source of hydrogen – which may aid the
formation of the nanoparticles. Conversely the methanol also
acts as the source of oxygen for the formation of the tin oxide
This journal is © The Royal Society of Chemistry 2014
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Fig. 12 Transmission (i), absorption (ii) and reflection (iii) spectra corresponding to depositions from a precursor solution of 0.06 Au : Sn atomic
ratio at 500 �C in 20ml methanol on the bottom plate. The ratio of Au : Sn and the regions investigated as a distance from the inlet (a) 0 cm, (b) 4
cm and (c) 8 cm are labelled.
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matrix as the reaction was conducted under a nitrogen atmo-
sphere. One possible set of equations for the processes are
schematically illustrated below;

SnBuCl3 + 4MeOH / SnO2 + 3HCl + 2Me–O–Me + Bu–H

2HAuCl4 + 6MeOH / 2Au + 8HCl + 3Me–O–Me + 1.5 O2

If using this set up and only the bottom plate was used there
would be a waste in material leading this to be classied as an
inefficient method therefore both top and bottom plates were
analysed. We see an increase in dispersity of the top plate
nanoparticles when starting with a low Au precursor concen-
tration. This is in contrast to bottom plate nanoparticles where
the dispersity decreases with gold content due to stabilisation of
SnO2 and the decrease in mobility of Au particles. The presence
of the SPR and the elemental detection of gold (EDX/XPS)
suggests the presence of gold nanoparticles despite not being
able to readily image them in SEM images. The relationship
between the SPR width and the Au content promises an ability
to tune the characteristics of the nanoparticles with deposition
conditions.
3 Conclusion

Composite Au/SnO2 lms were grown from a simple one pot
precursor solution using aerosol assisted CVD. Two lms were
formed, mostly gold lms on the top plate and Au/SnO2 lms on
the heated substrate. The composite lm showed different
amounts of gold incorporation with position from the inlet
affording us investigations into a graded lm which enabled us
rapid assessment of the lms functional properties at different
deposited Au : Sn. These lms with a Au : Sn gradation could be
reproduced when using identical experimental procedures.
Optimum locations were found at regions with 0.03–0.15
Au : Sn molar ratio, where a combination of desirable proper-
ties were shown including a blue colouration, reasonable
optical transparency as well as reectivity in the IR, ideal for a
tinted low emissivity window coating. Such lms could nd
application in commercial oat glass production. The tint of the
lm was dependant on the concentration of nanoparticles
incorporated and is also affected by the dielectric constant of
This journal is © The Royal Society of Chemistry 2014
the SnO2 matrix which could be explored further. One issue that
will need to be overcome however is the relative degree of
incorporation of gold into the lm versus the amount lost to
exhaust. The fact that a gold lm could be formed on a top plate
and potentially recovered provides a better material cost
balance, especially as the gold nanoparticles can be relatively
easily removed. Fluorine doping of SnO2 will improve the
conductivity, but because the nanoparticles are embedded in
the SnO2 creating resistance effects, a layered thin lm
approach could eliminate this.
References

1 U. Kreibig and M. Vollmer, Optical Properties of Metal
Clusters, Springer, 1995.

2 S. Cho, S. Lee, S. Oh, S. J. Park, W. M. Kim, B. Cheong,
M. Chung, K. B. Song, T. S. Lee and S. G. Kim, Thin Solid
Films, 2000, 377–378, 97–102.

3 N. Félidj, J. Aubard, G. Lévi, J. R. Krenn, A. Hohenau,
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