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ABSTRACT: Sub-15 nm Au nanoparticles have been
fabricated on a nanostructured Ag surface at room
temperature via a liquid-phase chemical deposition upon
excitation of the localized surface plasmon resonance
(SPR). Measurement of the SPR-mediated photothermal
local heating of the substrate surface by a molecular
thermometry strategy indicated the temperature to be
above 230 °C, which led to an efficient decomposition of
CH3AuPPh3 to form Au nanoparticles on the Ag surface.
Particle sizes were tunable between 3 and 10 nm by
adjusting the deposition time. A surface-limited growth
model for Au nanoparticles on Ag is consistent with the
deposition kinetics.

Nanostructures with sub-15 nm dimensions have attracted
significant interest due to their unique chemical and

physical properties and potential applications in catalysis,1,2

sensing,3 and nanofabrication for the next generation of
electronic devices.4 However, the fabrication of these nanostruc-
tures on large-scale surfaces by traditional “top-down” litho-
graphic methods5 remains a great challenge. The future
development of these nanomaterials will rely on “bottom-up”
nanoscale approaches, which allow the construction of materials
from molecular or atomic components.6,7 Utilizing the intrinsic
surface properties to direct and control surface chemistry for
nanostructure growth on substrate surfaces has drawn significant
attention and shown the potential to greatly enhance the
development of “bottom-up” approaches. For example, surface
chemical bonding has been used to induce hierarchical self-
assembly to form nanostructures with diverse properties.8

Localized surface plasmon resonance (SPR) is a unique optical
property of nanoscale metallic structures (e.g., Au, Ag, Cu, and
Al). In the presence of an oscillating electromagnetic field, free
electrons in the conduction band of metal nanoparticles undergo
a collective coherent oscillation with respect to the positive
metallic lattice.9,10 The electronic oscillation can be viewed as a
photon confined to a small region of the nanostructures,
constituting an intense electromagnetic (EM) field on the surface
of the nanoparticles. SPR-enhanced fields are predicted to be
several orders of magnitude greater than the incident optical
excitation field.11−13 They also dramatically enhance the

absorption of visible light and significantly increase the yield of
excited conduction electrons from their ground state to an
excited state (called “hot electrons”).14 These “hot electrons”
subsequently relax through nonradiative decay channels and
release the excitation energy into heat, raising the temperature on
localized “hot spots.” Within several milliseconds, the heat
dissipates between the metal lattice and the surrounding matrix
(e.g., water), eventually leading to a steady-state temperature
distribution.15 Using a laser as the irradiation source, the local
temperature on specific “hot spots” can be raised so as to melt or
reshape nanostructures16 and break strong chemical bonds, such
as Au−S.17 Such high temperatures can be used to promotemany
types of chemical reactions18−25 on the surface of those localized
“hot spots”, including traditional chemical vapor deposition
(CVD) reactions.26−28 Additionally, SPR has been used for
photomediated nanoparticle growth.29−32

Here, we report a “bottom-up” approach to fabricating sub-15
nm Au nanoparticles on a nanostructured Ag surface via a liquid-
phase chemical deposition by employing localized SPR
excitation. With a low power Xenon lamp, the SPR-induced
surface temperature on the Ag substrate can be controlled to
induce the decomposition of methyl triphenylphosphine gold
(CH3AuPPh3), thus forming Au nanoparticles on the Ag surface
in solution at room temperature. The Au surface concentration
increases toward an apparent asymptote with the deposition
time, indicating that the SPR-mediated deposition is a surface-
limited process. Furthermore, the sizes of the Au nanoparticles
can be tuned anywhere between 3 and 10 nm by adjusting the
deposition time. Compared with traditional deposition methods
such as CVD,33 our approach offers mild operating conditions
and low energy consumption. This surface plasmon-mediated
photothermal strategy should be applicable to the controlled
chemical deposition of other suitable materials.
In a typical experiment, modified nanosphere lithography34

was used to fabricate the Ag film on nanosphere (AgFON)
substrate, which consists of a hexagonally close-packed silica
nanosphere (540 nm diameter) monolayer with a 150 nm thick
Ag film on top, as shown in Figure S-3. The fabricated AgFON
substrate shows distinctive broad SPR features in the visible
region of the spectrum (Figure S-4) that are consistent with a
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previous report.34 It should be noted that these unique optical
properties of the AgFON substrate remain unchanged at
temperatures up to 538 K.34 Therefore, such AgFON substrates
can be used to conduct high-temperature chemical reactions
initiated by the SPR-mediated photothermal effect without
thermal damage to the substrate.
SPR excitations on the surface of the AgFON substrate cause

photothermal heating due to the nonradiative damping of SPR.
In our approach, under the continuous irradiation of a Xenon
lamp (power density at the sample: 2 W/cm2), the surface
temperature of the AgFON substrate is expected to rise quickly
to a constant elevated value. Knowing the value of the surface
temperature greatly facilitates the choice of chemical reactions
for depositions. However, due to limitation on spatial resolution,
conventional thermometers cannot be employed to investigate
this nanoscale surface property. As an alternative, we adopted a
molecular approach by using the photothermally induced
polymerization of soybean oil as a local probe of the surface
temperature. Soybean oil is a mixture of triglycerides that
comprise three fatty acids linked by a glycerol center, and its
thermal polymerization can be initiated at 230 °C in the absence
of catalyst.35 The extent of polymerization can be characterized
by the decrease of the Raman peak ratio of vinyl C−H (3014
cm−1) over aliphatic C−H (2855 cm−1).36 After a 3 h irradiation
of the AgFON substrate in the presence of soybean oil, we
observed that the Raman intensity ratio of the characteristic
peaks of vinyl C−H (3014 cm−1) to aliphatic C−H (2855 cm−1)
decreased, which indicates the initiation of the polymerization of
soybean oil on the AgFON substrate (Figure S-5). Such
observations demonstrate that the surface temperature reaches
at least 230 °C when irradiated with 2 W/cm2 for 3 h.
Knowledge of the surface temperature allows us to choose

suitable chemical precursors for deposition of target materials.
The Au precursor, CH3AuPPh3, was chosen because this
compound decomposes between 160 and 220 °C as determined
by thermogravimetric analysis (TGA) (Figure S-6). The
molecule itself also shows no optical absorption in the visible
region of the spectrum (Figure S-7). Since the decomposition of
CH3AuPPh3 occurs below the threshold for the observed
polymerization of soybean oil, irradiation with 2 W/cm2 for 3
h on the AgFON substrate should create surface temperatures
high enough for the decomposition of the precursor to deposit
Au on Ag.
The scanning electron microscope (SEM) images show an

obvious morphology change on the Ag surface after the
irradiation of the AgFON substrate in the presence of a benzene
solution of CH3AuPPh3. Specifically, a significant quantity of
small nanoparticles formed on the surface of the AgFON
substrate (Figure 1b). In addition to the characteristic peaks of
Ag, energy dispersive X-ray spectroscopy (EDX) reveals a
distinct peak at around 2.1 keV, indicating that the chemical
composition of these newly formed nanoparticles is elemental Au
(Figure 1c). The chemical state of the Au is further confirmed by
a detailed element scan by X-ray photoelectron spectroscopy
(XPS) (Figure 1d), which shows a binding energy (BE) of 84.2±
0.2 eV for the Au 4f7/2. The observed BE is consistent with Au(0)
in metallic Au nanoparticles.37 Compared to the BE of Au(I) in
the precursor (85.0 ± 0.2 eV), this BE downshift clearly
demonstrates that the deposition of Au nanoparticles on a Ag
substrate can be realized through an SPRmediated photothermal
decomposition of a conventional CVD precursor through a
solution phase process. It is worth noting that the bulk solution
temperature was monitored via a thermocouple during the

deposition process, and it was below 40 °C despite irradiation for
3 h.
The thermal decomposition mechanism of CH3AuPPh3 has

been studied previously.38,39 The decomposition in solution is
first order in Au and the rate is decreased by the addition of free
phosphine, consistent with PPh3 dissociation as the rate-
determining step. The quantitative formation of ethane in the
solution decomposition of CH3AuPPh3 (even in the presence of
good hydrogen donor solvents) rules out homolysis of the CH3−
Au bond, leaving reductive elimination of two methyl groups
after Au−Au coupling as the most likely mechanism for alkyl loss
and generation of metallic Au.38,39 Our observations from XPS
are consistent with this postulated mechanism. The XPS
spectrum of the precursor contains a P 2p peak (BE = 131.8 ±
0.2 eV40) and the characteristic shake-up feature of phenyl
groups (BE = 292.0 ± 0.2 eV41); however, neither peak is
observable in the XPS spectra of the AgFON substrate after the
Au deposition (Figure S-8). Such findings prove that the
dissociated ligand (PPh3) was not detectable on the surface of the
AgFON substrate and suggest that the deposition of Au from the
photothermal decomposition of CH3AuPPh3 shares common
mechanistic features with conventional thermolysis. Moreover,
consistent with previous reports,38,39 ethane (CH3CH3) was
detected in the headspace gases following the deposition (Figure
S-11).
To more closely examine the photothermal decomposition of

CH3AuPPh3 on the Ag surface, we studied the Au deposition
kinetics by monitoring the change of the atomic concentration
ratio of Au to Ag on the surface of the AgFON substrate over the
course of the deposition. As shown in Figure 2h, in the initial
stage, the Au deposition is rapid, but slows over time. This
nonlinear behavior indicates that the SPR-mediated Au
deposition on the AgFON substrate could be a surface-limited
process. It should be noted that both the Au nanoparticle density
and average particle size increase along with the deposition time
(Figure 2a−g), which indicates that the surface area of Au
nanoparticles should increase with time. Therefore, the photo-
thermal decomposition of precursor molecules cannot be taking
place by autocatalysis on Au nanoparticles. On the other hand, as
the deposited Au nanoparticles increase, they occupy more and

Figure 1. Au nanoparticles formed on the AgFON surface after a 3 h
irradiation in a benzene solution of CH3AuPPh3. (a) SEM image of the
AgFON substrate before deposition; (b) SEM image of the AgFON
substrate after 3 h deposition; (c) Energy dispersive X-ray spectroscopy
(EDX) spectrum of the AgFON substrate after the deposition of Au
nanoparticles; (d) X-ray photoelectron spectroscopy (XPS) high
resolution spectra of CH3AuPPh3 (blue) and Au nanoparticles on the
AgFON substrate after the deposition (red).
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more Ag surface area on the AgFON substrate, reducing the
portion of the Ag surface area available to react with the precursor
molecules during the photothermal decomposition. Alterna-
tively, the newly formed Au nanoparticles might change the
optical absorption of the AgFON substrate in such a way as to
reduce the SPR-induced photothermal effect. However, an
extinction spectrum of the substrate after the deposition of Au
nanoparticles was indistinguishable from that of the AgFON
substrate (Figure S-10). Therefore, the SPR mediated photo-
thermal decomposition of CH3AuPPh3 on the AgFON substrate
can be understood in terms of a mechanism modified from the
one proposed for CVD of Au films from CH3AuPPh3 (Scheme
1):39

The SPR excitations on the AgFON substrate raise the surface
temperature high enough to activate the adsorbed precursor
molecules. Subsequently, the dissociative chemisorption of
CH3AuPPh3 produces surface methylgold fragments and PPh3
on the Ag surface. The following decomposition of surface
methylgold fragments to generate metallic Au nanoparticles
could involve multiple processes, including the dinuclear
reductive elimination of ethane to form Au(0),38,39 the surface
diffusion and coalescence of Au atoms, and the formation of
bigger Au nanoparticles. Since small Au nanoparticles have a
much higher surface energy than that of the Ag surface,42,43 it is
very likely that Au atoms (clusters) on the Ag surface tend to
diffuse to andmerge with nearby Au nanoparticles to form bigger
Au nanoparticles in order to lower the surface energy and
stabilize the Au nanoparticles. The proposed growth model is

consistent with the observed linear increase of Au nanoparticle
size.
Figure 2 shows the evolution of the deposited Au nano-

particles on the AgFON substrate. By controlling the deposition
time, the particle sizes can be easily tuned between 3 and 10 nm,
much smaller than Au nanoparticles fabricated under conven-
tional CVD conditions.33 Compared to the similar smaller-sized
Au nanoparticles fabricated via wet chemical methods,2 these
particles are notably different in that their surfaces are free of
organic ligand protection, as confirmed from the XPS measure-
ment (Figure S-8). Additionally, it is noted that these Au
nanoparticles were formed on the Ag surface at temperatures
above 230 °C, and are therefore expected to be thermally stable
under high temperature operating conditions.
The critical role of the Ag surface comes from the limited heat

transfer from Ag to Au and the high surface energy of the created
Au nanoparticles. As expected, the SPR-induced local heat is
generated on the Ag surface and the heat transfer from Ag surface
to Au nanoparticles is inhibited due to the low thermal
conductivity of small Au nanoparticles.44 Additionally, we have
fabricated Au film on nanosphere (AuFON) and tested the
photothermal polymerization of soybean oil on the Au substrate
as it is known that Au nanoparticles can also absorb visible light.15

However, under identical irradiation, we did not observe any
change in the Raman intensity ratio of the characteristic peaks of
vinyl C−H (3014 cm−1) to aliphatic C−H (2855 cm−1) (Figure
S-12), consistent with that the Au thin film absorbs less of the
incident light (515 to 700 nm) than the Ag thin film.45 This
observation indicates that in the process of Au nanoparticle
deposition on the AgFON substrate, the newly formed Au
nanoparticle surface might not reach a temperature as high as
AgFON surface when irradiated with a Xenon lamp, and
therefore could not cause the decomposition of CH3AuPPh3 on
the Au nanoparticle surface.
To further demonstrate that SPR excitation of the AgFON

substrate is essential to mediate the photothermal deposition of
Au nanoparticles, we repeated the same experiments in the dark.
As expected, no morphology change was observed on the surface
of the AgFON substrate (Figure S-13a) and no Au was found via
EDX measurement. In addition, we replaced the AgFON with a
piece of silicon wafer. However, no deposition of Au was
detected on the surface of the silicon wafer after 3 h of irradiation
with the exact same power (Figure S-13b). This observation also
confirms that visible light irradiation cannot cause the
decomposition of the precursor molecules, consistent with the
lack of visible light absorption by CH3AuPPh3 in the wavelength
range of the light source (Figure S-7). Furthermore, we
discovered that the Au nanoparticle deposition is wavelength-
dependent. By using 610 and 715 nm longpass filters to partially
block and prevent the SPR excitation and weaken the
photothermal effect, Au deposition was found to either
dramatically decrease (610 nm, Figure S-13c) compared to the
deposition conducted with a 515 nm longpass filter (Figure 1 and
Figure S-9) or simply not occur at all (715 nm, Figure S-13d). All
the above observations reinforce the hypothesis that both
AgFON substrate and a proper excitation source are critical in
causing the SPR excitations that allow for an efficient
photothermal deposition of Au nanoparticles onto the Ag
surface.
In summary, we have successfully demonstrated that the SPR

excitations of a nanostructured Ag surface can be used to assist in
the deposition of Au nanoparticles at room temperature. Unlike
the nanoparticles synthesized through wet chemistry meth-

Figure 2. Au nanoparticle deposition kinetics on AgFON substrate. (a−
f) SEM images of morphology change on AgFON substrate with
deposition time (scale bars 100 nm); (g) increase of average Au
nanoparticle size with deposition time (error bars represent the standard
deviation); (h) change of Au to Ag atomic concentration ratio with
deposition time (error bars represent the standard deviation).

Scheme 1. Proposed Mechanism for SPR-Mediated
Photothermal Decomposition of CH3AuPPh3 on AgFON
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ods,46,47 these Au nanoparticles are thermally stable and their
surfaces are free of organic ligand protection. The deposition
kinetics reveals that the deposition of Au is surface-limited by the
Ag substrate. In addition, the Au nanoparticle-AgFON substrate
shows a significant improvement for the surface enhanced
Raman scattering (SERS) of the adsorbed 4-aminobenzenethiol
(4-ABT) (Figure S-14). Using intrinsic surface optical properties
to direct and control nanostructure growth is fundamentally
interesting and potentially technologically important. Tradition-
ally, CVD of Au is limited by the thermal stability of precursors
during vaporization and transport. The surface plasmon
mediated chemical solution deposition (SPMCSD) method in
our approach allows the deposition to be conducted in the liquid
phase at room temperature, offering mild operating conditions
and low-energy consumption. This SPR-mediated chemical
solution deposition strategy should be extendable to the
deposition of many other materials for various applications.
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