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Abstract: Gold nanoparticle and gold/semiconductor nanocomposite thin films have been deposited using
aerosol assisted chemical vapor deposition (CVD). A preformed gold colloid in toluene was used as a
precursor to deposit gold films onto silica glass. These nanoparticle films showed the characteristic plasmon
absorption of Au nanoparticles at 537 nm, and scanning electron microscopic (SEM) imaging confirmed
the presence of individual gold particles. Nanocomposite films were deposited from the colloid concurrently
with conventional CVD precursors. A film of gold particles in a host tungsten oxide matrix resulted from
co-deposition with [W(OPh)g], while gold particles in a host titania matrix resulted from co-deposition with
[Ti(OPr)4]. The density of Au nanoparticles within the film could be varied by changing the Au colloid
concentration in the original precursor solution. Titania/gold composite films were intensely colored and
showed dichromism: blue in transmitted light and red in reflected light. They showed metal-like reflection
spectra and plasmon absorption. X-ray photoelectron spectroscopy and energy-dispersive X-ray analysis
confirmed the presence of metallic gold, and SEM imaging showed individual Au nanoparticles embedded
in the films. X-ray diffraction detected crystalline gold in the composite films. This CVD technique can be
readily extended to produce other nanocomposite films by varying the colloids and precursors used, and
it offers a rapid, convenient route to nanoparticle and nanocomposite thin films.

Introduction Several strategies for the production of semiconductor/metal

Nanoparticles are a major research focus worldwide, and a ©0mPosites have been developed. As shown in Scheme 1, they
variety of different shapes and compositions can now be ¢an be broadly divided into four categories:
produced-2 Many technological applications of these particles Route 1 is the synthesis of the semiconductor matrix followed
will depend on their incorporation into a host matrix; the result by addition of preformed nanoparticles in a second step.
is a nanocomposite, which serves both to immobilize the Examples of this strategy include spin coating or dip coating a
particles and to render them chemically inert. In addition, the Semiconductor film with a nanoparticle solutié#!® The
incorporation of nanoparticles into a matrix can change the nanoparticles are chemically bound to the surface or become
properties of both the particle and the host. A popular topic for trapped within pores in the semiconductor.
investigation is semiconductor/metal nanocomposites, especially Route 2 is the synthesis of the semiconductor matrix followed
noble metal nanoparticles incorporated into a semiconductor by application of metal ions in a second step, leading to
matrix3~1° The presence of nanoparticles can alter the Fermi formation of metal particles in situ, within the film. High energy
level of the semiconducting host material and assist in photo- ion implantatio-”-*8and spin coating with a solution of metal
generated charge separation, and this has been exploited inons followed by photocatalytic reduction or heat treatrféht
improved photocatalysfsi!-12photoanode$s and photochromic ~ are examples of this strategy.
and electrochromic film&%15 Route 3 is the synthesis of the semiconductor matrix and
metal particles in a single step. Examples include-gel using
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Scheme 1. Routes to Metal/Semiconductor Nanocomposite Materials
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both a semiconductor and nanoparticle precu¥sé&tz! the restrictions of volatility and thermal stability are lifted, and new

related technique of liquid-phase deposittémnd multitarget precursors and films can be investigated. lonic precursors and
magnetron sputtering depositi&hAlso, chemical vapor deposi-  metal oxide clusters have been used in aerosol assisted deposi-
tion using a separate precursor for each phase falls into thistions as alternative routes to thin fili%2° In this paper we
category?4-26 describe AACVD using gold nanoparticle solutions in toluene
Route 4 is the layer-by-layer deposition of metal particles as precursors. Noble metal colloids may appear to be the
and semiconductor material, for example, laser ablation using antithesis of a CVD precursor, which normally requires volatile
alternate metal and semiconductor targéts. molecules, but here we show that preformed gold nanoparticles
In routes 2-4, particles are formed in situ or concurrently can be transported in an aerosol generated ultrasonically and
with the matrix. There are therefore limits on the type and can therefore be deposited by AACVD. Nanoparticles can be
complexity of nanoparticle that can be incorporated, imposed deposited either alone, yielding nanoparticle films in what is
by the deposition conditions. The use of preformed nanoparticlesstrictly a physical process (no chemical reaction occurs), or
in route 1 is advantageous because a wider range of nanotogether with a conventional CVD precursor, yielding nano-
particles can be used. As the semiconductor deposition andcomposite films of gold nanoparticles in a host matrix. Titanium
nanoparticle formation steps are independent, each can bedioxide/gold and tungsten oxide/gold composite films have been
individually optimized. This strategy seems best for the creation produced in this way. Gold nanoparticles were chosen as they
of nanocomposites that include more complex nano shapes andire well studied and their synthesis is relatively simple. They
structures. were combined with titania and tungsten oxide as these are
Here we describe a method for the deposition of nanoparticle/ important technological material®;'> There are two main
semiconductor composite thin films, which is shown as route 5 benefits to this technique over others. First, it is flexible: many
in Scheme 1. The method is based on aerosol assisted chemicgdreformed nanoparticle solutions could be used, and combined
vapor deposition (AACVD), which uses a liquigjas aerosol  with any chemically compatible conventional precursor, to
to transport soluble precursors to a heated substrate. The methog@roduce a large range of nanocomposite films. Second, CVD
has traditionally been used when a conventional atmosphericis a widely used industrial technique in fields such as micro-
pressure CVD precursor proves involatile or thermally unstable. electronics and window glass coating, and it has a number of
However, by designing precursors specifically for AACVD, the  \ell-known advantages, not least the deposition of adherent,
conformal films. Gold/semiconductor nanocomposite films with
i these qualities can now be easily and inexpensively produced
(21) Epifani, M.; Giannini, C.; Tapfer, L.; Vasanelli, L. Am. Ceram. Soc. by the method presented here. The method uses preformed
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Appl. Phys200Q 87, 1. in transmitted light and red to reflected light. Furthermore, the
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Table 1. Parameters Used To Deposit Nanoparticles and Nanocomposite Thin Films on Glass Using Aerosol Assisted CVD?

film no. vol of Au colloid used/mL conventional precursor, amt molar ratio Au:precursor solvent, amt N, flow rate/L min~—*
1 5.0 none toluene, 20 mL 1.0
2 5.0 W(OPhy, 1 mmol 2:1 toluene, 20 mL 1.0
3 0 Ti(OPr), 1 mmol toluene, 50 mL 2.0
4 1.0 Ti(OiPr), 1 mmol 1:2 toluene, 50 mL 2.0
5 2.0 Ti(OiPr}, 1 mmol 1:1 toluene, 50 mL 2.0
6 4.0 Ti(OiPr), 1 mmol 2:1 toluene, 50 mL 2.0

a All depositions were carried out at 45C.

high reflectance demonstrated by these films around 1100 nmS150B sputter coater, operating at 1.5 kV and 20 mA. Transmission

means they have great potential for solar control applications. electron microscopy (TEM) was performed on gold nanoparticle
solutions, and was carried out on a JEOL JEM 100CX Il. TEM samples

Experimental Section were prepared by evaporating a single drop of the sample onto a
Precursor Synthesis.All chemicals were purchased from Aldrich ~ conducting copper mesh. Powder X-ray diffraction (XRD) patterns were
Chemical Co. and used as received without further purification. Gold ©Obtained on a Bruker AXS D8 instrument using Cu kadiation. To
colloids were synthesized in toluene using the Brust two-phase chemical"ecord diffraction peaks from the thin films, a fixed incidence angle of
reduction method HAUCI,+3H,0 (99%, 0.17 g) was dissolved in 5° was used. Diffraction patterqs were recorded with an area detector.
deionized water (15 mL). Tetraoctylammonium bromide (TOAB) (99%, Color data, reflectance/transmittance spectra}, and haze measureme_nts
1.04 g) was dissolved in toluene (40 mL), and the two solutions stirred Were recorded on a HunterLab UltraScan Pro instrument. Color analysis
together. A solution of NaBI(0.19 g) in deionized water (25 mL) was performed at®2viewing angle using D65 artificial daylight, which
was added dropwise with rapid stirring over a 30 min period, yielding Was also used for haze measurements.
a dark red organic layer. This was separated, washed with portions of
dilute aqueous k8O, and water, dried over N8O, and diluted to

100 mL volume with toluene, yielding a dark red solution. The  The initial stock gold nanoparticle solutions used were deep
con;:ent_rat;gn Of?]?_:d WZS 4.3 _rtnrg?cl of a:;)ms L0.2|35tg L ':r-]c_’ Tvmd _redin color. Their UV/vis spectra showed a plasmon resonance
contamination of nims aeposite rom ese solutions, 10l capping peak W|th a maximum at 533 nm. TEM revealed a mean

groups were not used. As a result, the colloids degraded over time,d. t £10 d ticle size distributi
changing from deep red on synthesis to pale purple or colorless within lameter o nm and narrow particie size distribution.

three weeks when stored at°@€. To minimize the effect of colloid Depositions of thin films on glass were carried out as shown

degradation on the resulting films, all depositions were carried out using in Table 1. Three types of film were deposited: gold nano-
colloids made on the same day. Tungsten phenoxide was synthesizegarticle films from the gold nanoparticle solution alone (film

Results

as we have previously described, through the reaction ofs\Wi@h 1), WOs/Au composite films from [W(OPR) and gold nano-
phenol in toluené®[Ti(O'Pr)] (97%) was purchased from Aldrich and  particle solution (film 2), and Ti@Au composite films from
used as supplied. [Ti(O'Pr)] and gold nanoparticle solution (films 4, 5, and 6).

Aerosol Assisted CVD.Depositions were carried out in a cold- A series of titania films with different concentrations of gold
wall horizontal-bed CVD reactor. A substrate and top plate were used, nanoparticles were deposited. The flow rates and volumes of

both of SiQ barrier glass of dimensions 145 45 x 5 mm supplied . . L
L ” ; L solvent used were selected to give the most extensive deposition
by Pilkington Plc. Deposition was carried out on the Si@rrier layer
over the substrate.

to prevent migration of ions into the film from the glass bulk. The
substrate rested on a carbon heating block powered by a Whatmann Gold Nanoparticle Films. The deposition of gold nanopar-
cartridge heater; the temperature was monitored byRPt thermo- ticles from gold colloid solutions occurred on both the substrate
couples. A top plate was positioned parallel to the substrate and 8 mmand top plate, which is the glass plate that rests 8 mm above
above it, and the whole assembly was contained within a quartz tube.the surface of the substrate. Films deposited on the substrate
An aerosol was generated from the precursor solution in a glass flask\yere used in the analysis described below. Gold nanoparticle

using a Pifco ultrasonic humidifier with an operating frequency of 40 15 appeared red to transmitted light and yellow to reflected

kHz. The aerosol was directed to the reactor by nitrogen gas through ‘Jight. The films were stored and handled in air with no apparent
PTFE and glass tubing, entering the reactor between the top plate an

. ; degradation; however, the films were nonadherent and could
substrate; reactor waste left via an exhaust port. The gas flow Wasb i d by sligh hanical abrasi The dl
continued until all the precursor mix had passed through the reactor, e easily rgmove y slight mec f”lmca, a rasllon.. .e glass
typically taking 20-30 min depending on the gas flow rate. Films were COuld be wiped completely clean with a tissue, indicating that
cooled in situ under a flow of nitrogen gas, and subsequently were the gold particles were weakly adsorbed on the glass surface,
handled and stored in air. rather than strongly bound to it or absorbed within it. UV/visible

Analysis. X-ray photoelectron spectroscopy (XPS) measurements spectroscopy revealed the characteristic gold plasmon resonance
were carried out on a VG ESCALAB 220i XL instrument using peak, with a maximum at 538 nm (Figure 1). This was very
monochromatic Al Kx radiation. Binding energies were referenced to  sjmilar in position and shape to the plasmon peak observed in
surface elemental carbon 1s peak with binding energy 284.6 eV. UV/ the jnitial gold nanoparticle solution, which had a maximum at
vis spef:tra were obtained using a Thermo Hedlcspe_ctrometer. Where 533 nm, suggesting that the mean size and shape of the particles
a solution spectra was .taken’ quartz cuvettes with a path length of 1 are roughly similar to those of the precursor colloid. Au 4f 7/2
cm were used. Scanning electron microscopy (SEM) and energy and 5/2 peaks at binding energies of 87.5 and 83.7 eV
dispersive X-ray (EDX) analysis were carried out using a JEOL 6301F ) P . 9 g ) ’ ’ !

respectively, corresponding to metallic gold, were observed by

instrument using voltages between 6 and 15 kV, aA8Before SEM a . I .
analysis, samples were sputter coated with gold using an EdwardsXPS** SEM confirmed the presence of individual nanoparticles

(30) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R.Chem. (31) O'Neill, S. A;; Clark, R. J. H.; Parkin, I. P.; Elliott, N.; Mills, AChem.
Soc., Chem. Commuh994 801. Mater. 2003 15, 46.
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Figure 1. UV/visible spectra of gold nanoparticles in toluene (A) and gold nanoparticle film on glass (1) deposited by AACVD, both showing a plasmon
resonance peak.

The apparent increase in particle size could be due to
agglomeration of particles, either in the gas phase or on the
substrate surface. In either case, it is significant that the
deposition yields a nanoparticulate film rather than a continuous
metal film or highly agglomerated particles, which might be
expected due to the associated energetically favorable reduction
of surface area and the relatively high temperature of deposition.
No nitrogen or bromine peaks were observed in the XPS
spectrum, indicating that atoms from the tetraoctylammonium
bromide used in the synthesis, which prevented particle ag-
glomeration in solution, are no longer present. This suggests
that the gold particle mobility on the surface is low, even at the

deposition temperature, preventing aggregation and continuous
Figure 2. SEM image of gold nanoparticle film on glass (film 1, Table 1),  fiim formation.
produced by aerosol assisted CVD. The scale bar measures 1

Titania/Gold Nanocomposite Films. Titania films were
deposited with 1, 2, and 4 mL of 4.3 mM gold nanoparticle
on the surface of the film (Figure 2). The particles appear solution (Table 1). The molar ratios of Ti:Au used in each
randomly distributed, roughly spherical, and around 50 nm in experiment were approximately 1:2, 1:1, and 2:1, respectively.
diameter. Some particles seem to be agglomerates of two, threea|| films were deposited at a substrate temperature of 450
or more smaller particles. In other places, two or three particles The films differed in thickness throughout the substrate, but
can be observed in close proximity but not conjoined. Bare glass samples taken for analysis were approximately 300 nm in
is visible between the particles, showing that less than one thickness, determined by the pattern of interference fringes.
monolayer has been deposited. Assuming the particles to beyndoped titania films produced by CVD are typically colorless
spherical, this places the maximum film thickness at 500 or pale yellows! Titania/gold composite films appeared pale
nm, the diameter of a single particle. blue to transmitted light, with the intensity of the blue color
increasing with increasing gold nanoparticle content. All titania
(32) kiﬂﬁn OSV-’: \Elf?éé;divlgr'c g}'D'QEEQ;‘C&EV“CYtg{k?;‘%O“f?;aLQa”"C”fsta's composite films were strongly.adherent to.the glasg, such that
(33) For more information on the CIELAB color space system refer to they could not be removed by vigorous rubbing with tissue paper
gggé/mwwwéﬂgﬁ%gggg/q(g‘gl_‘I’Xﬁ? page of the CIE) or http/www.  and were undamaged in routine handling. Application of
(34) Dzhurinskii, B. F.; Gati, D.; Sergushin, N. P.; Nefedov, V. I.; Salyn, Y. A.  pressure with a stainless steel stylus caused small portions of
o Lotz g chemsr i Bsgr, e the fim to chip away. Opical haze, being the percentage of
198Q 101, 737. . D65 artificial daylight scattered by the films, was measured to
8% parave R G parkn. 'thn“ﬂaéégj_gﬁgg%%%‘*m%‘gggﬁb& 10184, b€ 0.40%, 0.55%, and 0.75% for films 4, 5, and 6, respectively.

(38) Klar, T.; Perner, M.; Grosse, S.; von Plessen, G.; Spirkl, W.; Feldmann, J. All these values are comparable to commercial window coatings,
Phys. Re. Lett. 1998 80, 4249.

(39) Barreras, F.; Amaveda, H.; Lozano, Bxp. Fluids2002 33, 405. which typically have below 0.5% optical haze.
(41) Brooks. A R Slayion, C R Doss, K. Lu, V. G. Elecrochem. Soc. _ UV/VIS spectroscopy of the Tigu composite films showed
1986 2459. absorption peaks in the region of 580 nm which are assigned
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Figure 3. UV/visible spectra of (A) gold colloid suspended in toluene used as a precursor solution and (4, 5/8yTi@nposite films of increasing gold
content (see Table 1) deposited on glass using aerosol assisted CVD.

to the red-shifted and broadened plasmon resonance of goldpredicted by the MaxweltGarnett model, which can be used
nanoparticles (Figure 3). The gold nanoparticles could not be to predict the optical properties of dense assemblies of interact-
removed from the TiQJAu composite film by immersion in ing nanoparticled. The optical spectra will be considered in
common organic solvents or water, or by abrasion, as indicatedmore detail below.

by the persistence of the plasmon absorption peak after these One of the most immediately striking properties of the
treatments. Indeed, the gold particles could not be removed bytitania—gold composite films is their color. The color was
any physical method that did not also remove the titania film, quantified using the CIELAB color coordinates, which are used
showing that the nanoparticles are either strongly bound to theto express perceived color and are an industry standard (Figure
film or firmly contained within it. The red shift of the plasmon  5) 33 Two parametersg* and b*, define the color: positive*
absorption peak has been observed in similar nanocompdbites, values correspond to red, negatafevalues to green. Positive
and can be accounted for in a number of ways. As the particlesb* values correspond to yellow, negati values to blue.

are incorporated in titania, a matrix of high dielectric constant, Figure 5 shows the color of the high concentration J&D

light will be absorbed at a longer wavelength. Red shifting of composite thin film to both transmitted and reflected light.
the plasmon peak also occurs with an increase in particlé%ize, Transmitted light is blue-green, while reflected light is red,
or a reduction in particle spacirfgAll three factors probably  which is consistent with the visible spectra (Figures 3 and 4).
contribute to the change in position of the plasmon peak in theseFor comparison, data are given for 5 mm thick sheets of
nanocomposite films, and are difficult to deconvolute. The latter transition metal doped (body tinted) glass. Untreated glass has

two factors also cause broadening of the pe&land in addition, close to no color&* and b* are close to zero), while Fe and

a wider size and shape distribution is also expected to causeNd doped glasses are strongly colored. Significantly, the

peak broadening. intensity of transmitted color imparted by the composite film
The intensity of the plasmon absorption in the Fi&u films is comparable to commercial body tinted glass, despite the film

increased with increasing gold concentration. The reflectance/being around 4 orders of magnitude thinner; the extinction
transmission spectrum of the highest concentration compositecoefficients of gold particles are known to be greater than typical
film was measured in the visible and IR regions (Figure 4). organic or transition metal dyé3These films might therefore
The plasmon peak can be seen as a local minimum in thepbe used as colored coatings with a coloration of similar
transmission spectrum at 580 nm, and the titania band edge ismagnitude to that of traditional body tinted glass. Furthermore,
present at 390 nm. Other than these two features, the transmisthe near symmetric opposite coloration of these films in reflected
sion spectrum is qualitatively that of the float glass substrate. and transmitted light is unusual. This type of dichromism has
The reflectance spectrum shows a highly unusual broad peakbeen seen in bulk materials that contain a dispersion of metal
in the red and near-infrared regions with a maximum at 805 nanoparticles. An example is the Lycurgus Cup, a Roman
nm, where 35% of incident light is reflected. This feature is artifact made of glass containing embedded Au, Ag, and Cu
not characteristic of titania or glass, so it must arise from the nanoparticleg?

gold particles. Indeed, related peaks have been observed in SgMm imaging of the TiG/Au films showed bright particles

matrixes of Au@Si@ core-shell nanoparticles, where the on a darker textured background, interpreted as gold nanopar-
position and intensity of the reflection maximum was found to

be strongly dependent on the particle spading.is also (42) Barber, D. J.; Freestone, |. &rchaeometryl99Q 32, 33.
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Figure 4. Reflectance (%R), transmission (%T), and absorption (%A) spectra of titanium dioxide/gold nanocomposite film (6) on glass in visible and IR
regions.
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Figure 5. Color space representation of the color of light reflected and transmitted by titanium dioxide/gold nanocomposite film (6). For comparison, the
color of light transmitted through 5 mm of untreated glass and 5 mm of glass treated with various concentrations of transition metal ions, known as body
tinted glass. Tha@* axis quantifies red and green, and thieaxis quantifies yellow and blue.

ticles embedded in a titania matrix. The particles appeared at 29 values of 38.2 and 44.5 (Cu Ka radiation) arise from
randomly distributed and oriented. Some particles had formed the (111) and (200) planes in the Au cubic latfé&he intensity
larger agglomerations, but the majority were less than 100 nm of those peaks increased with increasing gold incorporation,
in diameter. Figure 6 shows SEM images of titania films with although the width remained approximately constant. The
different concentrations of gold particles. No particles could Scherrer equation was used to estimate the gold crystallite
be seen in the film of lowest concentration, but in films with diameter using the (111) peak. In the two films of highest gold
higher concentrations particles were visible. The particle number concentration, this was found to be 10 nm. This diameter is
density increases with increasing precursor Au concentration, much smaller than the particles observed by SEM, suggesting
but the particle size distribution is roughly constant. XRD that each particle is composed of several crystals, most probably
detected crystalline gold in the composite films (Figure 7); peaks several of the original precursor nanoparticles. It appears,

1592 J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006
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absorption maximum shifted to longer wavelengths, became
broader, and increased in intensity, as shown in Figure 8. The
greatest change to the optical spectra was seen after 20 min of
Lt Pl T st e annealing, and no further change was observed after 80 min
O e R (Figure 8). These specific changes to the plasmon peak are
Figure 6. SEM images of titania/gold nanocomposite films. Gold particles discussed in the following section. A similar shift has been
are visible as prlght spots against a darker background, _due to their hlgherobserved in composite films of gold and barium titarftn
electron density. Images A, B, and C are taken from films 4, 5, and 6,
respectively (Table 1). A greater number of particles can be seen in films the data presented here, the breadth of the peaks was calculated
made from higher concentrations of gold colloid precursor. using the peak half-width at three-fourths maximum on the low-
energy (red) side of the peak.

XRD (Figure 9) showed that the gold peaks became slightly
narrower on annealing: the full width at half-maximum (fwhm)
of the more intense (111) peak fell by 0.fbr the two films

therefore, that there is some degree of particle agglomeration
at some point during the deposition, either in the gas phase or
on the surface of the substrate. However, this agglomeration
does not change the intrinsic crystallite size of the Au particles . . A .
which are unchanged from the initial Au colloid solution. No  With highest concentrations of gold after 20 min at S¥0)
TiO, peaks were observed in the X-ray diffraction pattern, |pd|9at|ng a s.rr.\all. increase in crystallite size. In contras;, the
indicating that the deposited titania matrix had low crystallinity. fitania cystallinity increased markedly. Peaks corresponding to
XPS was performed on the titania film with the highest 2natase phase titania appeared after annealing aal2es of
concentration of gold. This confirmed the presence of gold and 2°-F» 48.7, and 54.8, as shown in Figure 9. The higher the
titanium in the film; a single gold environment was observed concentration of gold in the film, the more intense these
with Au 4f 7/2 and 5/2 peaks at binding energies of 83.4 and emergent titania peaks were, although the peak width was
87.2 eV respectively, corresponding to Au metal. This shows similar. The gold parncles_ might f’:lC'[ as n_ucleanon sites for titania
that the nanoparticles do not undergo a chemical reaction in €rystal growth; hence films with a higher number of gold
the CVD process, for example oxidation, and they remain particles show larger amounts of crystalline titania.
metallic. Ti 2p 1/2 and 3/2 binding energies were observed at Tungsten Oxide/Gold Nanocomposite Films.To assess
458.8 and 464.9 eV, corresponding to*Tiions in Ti0y.34 whether the method could be extended to other matrix materials,
Quantification using peak areas gave a gold-to-titania atomic depositions using gold colloid and tungsten hexaphenoxide were
ratio of around 1:100 at the surface. In the bulk, the Au:Ti ratio carried out (Table 1). Tungsten oxide/gold composite films were
rose to 1:25, as determined by EDX. Both these values are muchdark blue on deposition, due to the presence of reduced tungsten
lower than the concentration in the original precursor solution states in a W@, stoichiometry. Dark blue substoichiometric
(Table 1), and this may be due to the deposition of Au particles tungsten oxide has been previously deposited by AACVD, and
on the cold walls and top plate of the CVD apparatus, a result is not due to the presence of nanopartié&¥.The films were
of the thermophoretic effeéb. adherent and continuous, and could not be removed from the
The titania/gold composite films were annealed in air at 550 glass by vigorous rubbing with a tissue. Application of pressure
°C for 20 min periods. Annealed films appeared a lighter shade with a metal stylus caused small portions of the film to chip
of blue than before annealing, and correspondingly the UV/vis away. No gold plasmon peak was directly observed in the UV/
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Figure 7. Glancing-angle powder XRD patterns of LiBu composite films, showing cubic gold peak3)( From bottom, films 4, 5, and 6 (Table 1). The
intensity of the gold peaks increases with increasing gold concentration.
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Figure 8. Left: UV/visible spectra of TiZAu composite films after annealing at 530 for 20 min. From bottom, films 4, 5, and 6 (Table 1). The intensity
of the plasmon peak increases with increasing gold concentration. Right: Changes in optical absorption of film 6 (high Au concentration) on extended
annealing at 550C. The plasmon peak shifts to higher wavelengths and becomes broader on annealing.
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Figure 9. Glancing-angle powder XRD patterns of TiBu composite films after annealing at 580 for 20 min. Cubic gold peaks)) and anatase Ti©
peaks @) are present. From bottom, films 4, 5, and 6 (Table 1). The films with higher concentrations of gold show more intense anatase peaks, showing
that gold particles promote crystallization of the host matrix.

vis spectrum, although it was probably masked by the strong present in the film as deposited despite the lack of a visible
visible absorption of the tungsten oxide. An XRD pattern, shown plasmon peak. In addition, SEM imaging (Figure 11) shows
in Figure 10, showed cubic gold peaks @ Values of 38.8 randomly distributed particles embedded in the tungsten oxide
and 45.2 assigned to (111) and (200) planes. Two strong peaks matrix.

at 29 values of 23.9 and 48.8 are assigned to the (020) and The tungsten oxide/gold films were annealed at 460for
(040) reflections of monoclinic W€ with strong preferred 20 min. On annealing, the films became pale yellow, corre-
orientation in the (020) direction, as previously observed inBWO sponding to fully oxidized W@ After annealing UV/vis
films deposited from [W(OPR).28 The presence of crystalline  spectroscopy showed a plasmon peak at 604 nm. As with the
gold XRD peaks is strong evidence that gold nanoparticles aretitania composite films, no method could be found to remove
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Figure 10. Glancing-angle powder XRD patterns of W®Bu composite films before (bottom) and after (top) annealing at #5dor 20 min. Before
annealing, cubic goldX) and the (020) and (040) peaks of monoclinic YW(®) are present, showing strong preferred orientation of the semiconductor film.
After annealing, peaks from other monoclinic \W@lanes are preserllf, indicating some randomization of the orientation of crystals in the film.

nanoparticles or nanostructures in general (e.g., rods, wires,
tubes), the nanoobjects form in the CVD reactor itself from the
reaction of one or more precursors. Examples include the works
of Verprek et al2* Flahaut et al?> Choi et al.?6 and many
others. In all these cases, the deposition conditions must be
controlled to ensure the correct size and shape of nanoobject is
R formed. The aerosol assisted method presented here shows that
et Y TR S SN e CVD using preformed nanoparticles as precursors is possible.
' i E|v| - f e d . Id- e fim. 2 As such, the nanoparticle synthesis is distinct from the deposition
e b i i s s e G oot vt v e ght 169 50 that deposition parameters do not need 10 be taiored
spots against a darker background, due to their higher electron density. {0 @ccommodate nanoparticle formation. Rather, parameters can
be chosen to suit the conventional precursor and substrate,
the nanoparticles without also removing the tungsten oxide although the transport of nanoparticles to the substrate must
coating. XRD showed the emergence of monoclinic tungsten Still be considered. In addition, it is expected that nanoparticles
oxide peaks absent in the preannealed film, although the of complex compositions might be used, such as ¢stell
intensity was lower than the (020) and (040) peaks. No changeparticles or alloys, which might be difficult to produce in situ
in the tungsten oxide (020) and (040) peaks was observed. Thisin a CVD reactor.
can be interpreted as the partial randomization of the crystallite The size of the toluene aerosol droplets produced by the
orientation after annealing, although strong preferred orientation ultrasonic humidifier can be estimated as;2@ using Lang’s
remains?® As in the titania composite films, the gold peaks did method, which relates the vibration frequency (in this case 40
not significantly change on annealing. XPS confirmed the kHz), surface tension, and density of the liquid to aerosol droplet
presence of tungsten oxide and gold in the annealed films, size3%4°The density and surface tension of pure toluene were
showing Au 4f peaks at 84.3 and 88.0 eV. These binding used for this calculation. Assuming that the concentration of
energies were slightly higher than seen in the JAD com- nanoparticles in the aerosol droplets is the same as in the bulk
posite, although within the range expected for Au metal precursor solution, and that the particles are 10 nm spheres, as
nanoparticle§’ Tungsten was observed in a single environment shown by TEM, the number of gold nanoparticles in a single

with W 4f peaks at 35.9 and 38.1 eV, indicating?Wons in aerosol droplet can be calculated. In the highest concentration
WOs. The lack of W and WP+ environments confirms the  solution, used to deposit gold nanoparticle films and tungsten
full oxidation of the tungsten oxide to stoichiometric W0y oxide/gold nanocomposite films (films 1 and 2), there are around
the annealing process. 1.4 x 10* nanoparticles per droplet. Titania/gold composite films

(4, 5, and 6) were deposited with concentrations of 4.20%,

5.8 x 10% and 2.9x 1(® particles per droplet, respectively.
Nanoparticles in Chemical Vapor Deposition.To the best The gold particles observed in the composite and nanoparticle

of our knowledge, in current CVD processes that deposit films are larger than those in the precursor solution, indicating

Discussion

J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006 1595



ARTICLES Palgrave and Parkin

that agglomeration has taken place. However, it is clear that it spectra of the Au@Si©core-shell films showed peaks in
is not the entire contents of an aerosol droplet that agglomeratesreflectivity in the red and near-IR regions, which were dependent

The behavior of nanoparticles in the CVD reactor differs from ©n particle separation. Mulvaney et al. successfully explained
that of a conventional molecular precursor due to the relatively this using the MG model of dipole interaction between the
large size of the nanoparticle. Gas-phase particles are subjecParticles! That this peak also appears in the reflectance spectrum
to a thermophoretic force when exposed to a temperature Of the titania/gold nanocomposite films is strong evidence that
gradient® This force is directed away from the hot surface, so the gold particles therein are close enough to interact. As
particles act as if repelled from a hot surface and attracted towardmentioned above, the gold particles might acquire a thin titania
a cold surface. This is usually of benefit in CVD as it prevents Coating during the deposition process. If so, then this titania
particles (formed by gas-phase reaction of precursors orlayer would prevent gold particles fusing while allowing them
otherwise present) from being incorporated into the growing to come close enough to interact as described by the MG model.
film. Since the flow of gas in the reactor is laminar rather than  In addition, the MG model predicts red shifting of the
turbulent, thermophoresis is usually the dominant force deter- plasmon peak with reduced particle separation, which might
mining the deposition location of particles. It is therefore explain the change in plasmon peak on deposition (Figure 3).
unsurprising that when deposited alone, without an additional However, Mie theory provides an alternative explanation, that
precursor, the majority of gold nanoparticles are found on the the particles may fuse, creating larger particles, which also show
top plate. However, when deposited with an additional precursor, a red-shifted plasmon peak. Of course it may be that case that
gold particles are present throughout the substrate coating,both mechanisms are at work, and both contribute to the plasmon
indicating that the presence of an additional precursor somehowred shift. Nonetheless, the further red shift on annealing is
overcomes the thermophoretic effect. One possibility is that gas- probably better explained by the MG model. In the absence of
phase reaction of the precursor on the surface of the goldany gold ions in the sample (as shown by XPS), this must be
nanoparticles produces coated gold particles, which are lesscaused by either an agglomeration of particles or a reduction
affected by the asymmetric bombardment of gas molecules thanin separation of dipole interacting particles. Annealing is known
smaller, uncoated particles. They can therefore find their way to increase film density by eliminating pores and voids, and
to the substrate more easily. Nonetheless, the reduction in Au:thus would be expected to reduce particle separation. The MG
Ti atomic ratio from around 2:1 to around 1:25 in film 6 (as Mmodel can thus explain the red shifting of the plasmon peak on
quantified by EDX analysis) indicates that a large proportion annealing of the films. The absence of any further red shift after
of the gold is lost during deposition. This indicates that the 80 min of annealing represents the elimination of all the voids
majority of gold particles are deposited on the cold walls of and the limit of the mobility of the particles within the film.
the reactor and the top plate, or pass from the reactor in the Potential Applications. A wide range of applications has
exhaust, rather than deposit on the substrate. been suggested for semiconductor/metal nanocomposites in

Film Color and Optical Properties. The color and optical general, as outlined in the Introduction. In addition, several other
spectra are perhaps the most interesting features of the composit0ssibilities present themselves. The reflection properties of the
films produced in this study, and these characteristics are titania/gold films may lend themselves to heat mirror applica-
dominated by the plasmon resonance of the gold nanoparticlestionsl since they reflect infrared light and transmit visible light.
incorporated within the films. Three observations are important Heat mirrors are used in solar control applications. In this case
here: the red shifting of the plasmon peak on deposition, the the higher reflectivity in the near-IR would mean that a window
further red shifting on annealing of the films, and the reflection incorporating these particles would reflect away much of the
peak in the red and near-IR regions. Mie theory is frequently heat portion of solar radiation (which is most intense between
used to model the plasmon peak in gold and other metallic ¢@. 800 and 1500 nm). This would enable a reduction in solar
nanoparticles. Mie theory is applicable to low particle concen- gain and a reduction in air conditioning costs. The optical clarity
trations, including isolated single nanoparticlégut breaks  ©f the films makes them suitable for use as window coatings
down in very dense colloids, where significant dipole interaction Where tinted glass is required. This would be a valuable
between the particles occu¥8.In this intermediate regime, alternative to body tintingthe current practice of coloring the
between nanoparticulate and bulk phases, the Maxv@sdirnett whole pane of glassas it is an expensive process to implement
(MG) model has been used to predict the plasmon resorfance. 0N @ glass float line. A coating that gave the same intensity in
We have considered which model best fits the observations citedcolor, and whose color could be varied by a simple change in

here, and whether the particles in the films behave in isolation Precursor concentration, may make tinted glass much less
or interact. expensive to produce. However, we believe that the main

application of this technique lies in the variety of films that
can be produced by varying the precursors and nanoparticles
used. One obstacle that must be overcome is the relatively low
fefficiency of incorporation of nanoparticles into the films.

Mulvaney et al. studied films of Au@SiOcore—shell
particles on glass, the gold cores of which showed dipole
interaction* In their work, the MG model was used to
successfully predict the optical properties of dense arrays o
gold particles that were kept physically separate by their Conclusion
surrounding layers of silica. This structure bears a resemblance
to the nanocomposite materials produced in this work, where  Metallic gold nanoparticles can be deposited as thin films
gold particles are also separated by a dielectric material. Thiswith little change in their size or shape, and without chemical
is especially true if, as discussed above, the gold particles acquirereaction, under AACVD conditions. They can also be deposited
a shell of TiQ during the CVD process. The optical spectra in conjunction with conventional CVD precursors, resulting in
for both sets of films show similar features. The reflection the formation of continuous, durable nanocomposite films
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containing randomly distributed nanopatrticles, as demonstratedtitania/gold composite films, which is best explained by a
by TiO/Au and WQ/Au depositions. The gold particles cannot reduction in particle separation. The gold particles show cubic
be removed from the composite films without also removing Au peaks in the XRD pattern of the film. The presence of gold
the metal oxide coating. The concentration of nanoparticles in nanoparticles can enhance the crystallization of titania: films
the film can be altered simply by changing the concentration with higher proportions of gold particles showed a greater
of gold colloid in the precursor mix. No reaction takes place increase in anatase X-ray diffraction peaks on annealing,
between the film and the gold particles, although the gold compared to films with lower concentrations of gold.

plasmon resonance peak shifts to longer wavelengths on The technique described here could be extended by using a
incorporation, due to a variety of factors including the high variety of nanoparticles and conventional precursors, and so
refractive indices of the metal oxide films, dipole interaction provide a new and versatile CVD route to nanocomposite films.
between particles, and an increase in mean particle size. On

annealing, the plasmon peak shifts to higher wavelengths in JA055563V
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