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Abstract

Deposition of Au nanoparticles from aqueous HF onto H-Si(1 1 1) was studied in situ by surface second harmonic
generation (SHG) and ex situ by extinction spectroscopy and non-contact atomic force microscopy (AFM). AFM
measurements indicate that the maximum SHG intensities occur at lateral particle diameters of approximately 90-100
nm independent of solution phase composition, but with an intensity that depends on solution phase composition.

Employing the evolution of SHG intensity to monitor lateral cluster growth, simultaneous Au deposition and Si
oxidation exhibit apparent kinetic reaction orders of 1/2 and zero with respect to HF and Au(CN),, respectively. These
results are similar to those obtained purely from ex situ AFM analysis. The variations in SHG intensity with Au(CN);
concentration can be related to particle nucleation densities. These results demonstrate the utility of SHG as an in situ
probe of particle growth. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Due to their low resistivity and good corrosion
resistance, noble metal thin films have a variety of
applications as contacts and conductors in the
electronics industries [1-5]. When feasible, no-
ble metal deposition by electrochemical means is
usually desirable as it is less expensive than vac-
uum methods. On the other hand, direct noble
metal deposition onto Si during wafer cleaning
and preparation prior to semiconductor device
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fabrication is undesired and must be prevented to
maintain high device yields. Following dissolution
of the native SiO, oxide in aqueous HF, noble
metals may be reduced and deposited onto bare Si,
which is a strong reducing agent [6].

Metal deposition from aqueous HF initially
forms nm-sized particles that are approximately
oblate hemispheroids, as seen by scanning probe
microscopy [7-11]. Such noble and alkali metal
nanoparticles exhibit strong resonant electric field
enhancements associated with the surface plasmon
resonance, producing highly colored colloidal so-
lutions [12,13].

Electric field enhancements in surface ensembles
of noble and alkali metal nanoparticles can also
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produce strong signal enhancements during sur-
face-enhanced Raman spectroscopy (SERS) and
surface second harmonic generation (SHG) [14-
18]. Although such enhancements are readily ob-
servable, the detailed relationship between the
signal magnitude and the particle size and shape is
quite complex. Several groups have recently stud-
ied surface SHG in situ during growth of metal
nanoparticles on insulating or semiconducting sub-
strates [19-27]. The present report details studies
of the relationship between surface SHG and the
size and density of Au nanoparticles deposited
from HF onto Si(1 11) by galvanic displacement.

2. Experimental

Prior to each experiment, the p-type 0.01 Qcm
Si(111) sample was cleaned by immersion into a
0.50 M HF etchant and typical SC-1 (H,O:H,O;:
NH,4OH) and SC-2 (H,:H,0,:HCI) cleaning solu-
tions. Hydrogen-terminated H-Si(111) was sub-
sequently prepared by immersion into 0.50 M HF
and is known to be stable for hours. The SiO,
oxide layer is removed in this manner to separate
the deposition kinetics of Au from the complex
dissolution kinetics of the native oxide.

Au was deposited from aqueous solutions con-
taining different concentrations of KAu(CN), and
HF, with the pH ranging from 0.4 to 1.9. The
experimental setup for in situ surface SHG mea-
surements has been previously described [27]. The
pump laser is a Continuum Powerlite 6050 Nd:
YAG laser operating at 1064 nm and 50 Hz and
the detector a gated, intensified Princeton Instru-
ments LN/1024 CCD. The pump laser was po-
larized perpendicular to the plane of incidence.
Previous investigators have found that ns-laser
irradiation may cause desorption from insulating
substrates [19,23]. However, control experiments
showed that a pump laser fluence of 5 mJ/pulse did
not affect the metal clusters, probably due to the
low absorptivity of Si at 1064 nm.

Accurate in situ extinction spectroscopy is dif-
ficult in this system due to drift in the optical
components over the experimental timescale. A
stable reference is needed to subtract the effects of
the Si substrate, and this was provided by a freshly

prepared H-Si(111) surface. For this reason,
ex situ visible—ultraviolet extinction spectroscopy
was performed in reflection mode following sam-
ple emersion with:
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Following emersion, the Au/Si substrate and the
H-terminated Si reference were affixed to an opti-
cal mount so that they could be rapidly inter-
changed.

Ex situ atomic force microscopy (AFM) images
were also obtained for a variety of different con-
ditions following sample emersion. AFM images
were obtained in non-contact mode to prevent
particle displacement [11]. In this mode the canti-
lever oscillates near its resonance frequency with a
small amplitude, and the frequency and amplitude
of the oscillation may be altered when the tip in-
teracts with the sample. During imaging, the os-
cillation amplitude is held constant. All reported
statistics are averages of at least three AFM ima-
ges. The tip diameter of 10 nm has been subtracted
from all reported values.

3. Results

Deposition of Au from aqueous HF by galvanic
displacement of Si can be described by the fol-
lowing overall half reactions,

Au(CN), +e¢~ — Au+2CN~ (2)
Si+ 6HF — SiF; + 6H" 4 de” (3)

The growth of Au nanoparticles on the Si surface
yields SHG enhancement due to resonance of the
second harmonic photon (532 nm) with the Au
surface plasmon. The variation of the SHG in-
tensity with time and HF concentration has pre-
viously been reported during Au deposition onto
H-Si(111) from solutions containing 10~* M
KAu(CN), [27]. The association of maxima in
the SHG intensity with cluster diameters of ap-
proximately 100 nm and the dependence of
these maxima on the concentration of the various
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Fig. 1. Second harmonic signal as a function of time during Au deposition from 0.050 M HF at various KAu(CN), concentrations.

fluoride-containing species allowed a series of ex-
periments to identify HF as the mechanistically
active species towards Si oxidation with an ap-
parent reaction order of 1/2 [11,27].

Fig. 1 shows the results of an in situ study of the
effects of the Au(CN); concentration on the tem-
poral evolution of the SHG intensity during Au
nanoparticle deposition from 0.5 M aqueous HF.
The times at which the SHG maxima occur depend
only weakly on Au(CN); concentration, but the
intensities of the maxima increase rapidly with
increasing concentration.

These results differ from those reported previ-
ously, where the time at which the maximum oc-
curs depends strongly on HF concentration [27]. If
the results of Fig. 1 are extended to long times so
that continues Au films are deposited, the SHG
intensity rises again, and the final intensity is ap-
proximately 2.4x greater than that from the bare
H-Si(111) surface.

Ex situ extinction spectra were also obtained to
investigate the evolution of the surface plasmon
resonance with Au nanoparticle size. Fig. 2 shows
the results for Au nanoparticle deposition from

10~* M KAu(CN), and 0.50 M HF. The extinction
spectra exhibit maxima near 550-600 nm, with the
maximum red-shifting with time, then eventually
declining in intensity. In general, the overall ex-
tinction intensity increases and declines with Au
nanoparticle growth in parallel to the SHG signal
at 532 nm.

AFM images were obtained at several different
times for each of the three solutions included in
Fig. 1, and the nanoparticles are approximately
oblate hemispheroids as expected. Analysis of the
AFM images shows clearly that nucleation is
progressive in this system [28]. Although this result
might be considered surprising given the long time
scales relative to most studies of electrochemical
nucleation, the overpotentials involved in electro-
less processes are often modest. It should be noted
that traditional electrochemical nucleation experi-
ments are not feasible for this system due both to
the inability to electrodeposit Au onto p-type Si
and to likely interference from hydrogen evolu-
tion. Despite the resulting heterogeneous cluster
size distribution, one can show that the average
cluster size follows the same phenomenological
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Fig. 2. Extinction spectra of Au nanoparticles deposited from 0.50 M HF and 10~* M KAu(CN),.

rate law as individual clusters. However, the pre-
factor for the growth of the average cluster size is
altered from that for individual clusters.

In agreement with previous results, the SHG
maxima in Fig. 1 can be associated with particle size
of 90-100 nm [11,27]. Fig. 3 shows ex situ non-
contact AFM images of Au nanoparticles at the
times for which the SHG intensities in Fig. 1 reach
maxima. Statistical analysis of AFM images taken
at these maxima yield average cluster diameters of
91,93 and 94 nm for deposition from 107, 3 x 1073,
and 10~ M KAu(CN), respectively, and average
cluster heights of 3—7 nm. The nucleation densities
at the SHG maxima are approximately 5.0 x 108,
9.8 x 10% and 1.6 x 10° cm™2, respectively.

4. Discussion

Perhaps the most interesting result of the cur-
rent study is the observation that the maximum
SHG intensity occurs for cluster arrays of ap-
proximately 90-100 nm average lateral diameter.
The origin of this maximum and the relationship
of the surface plasmon-enhanced SHG intensity to

the Au nanoparticle size and shape is fairly com-
plex. In general agreement with the current results,
studies of electrochemically roughened Au elec-
trodes by in situ SERS and ex situ AFM demon-
strated that Au features of about 100 nm size yield
the maximum SERS enhancement of the pyridine
ring-breathing mode [29]. For spherical Au col-
loids, the maximum absorbance at 532 nm occurs
for particles of approximately 60-80 nm diameter
[12,13], slightly below the size range seen in the
current study. Recently surface SHG from Na
nanoparticles grown on dielectric substrates in
vacuum has been studied as a function of cluster
size, and maxima similar to those in Fig. 1 have
been observed [22-24].

The surface plasmon resonance typically occurs
in the range 510-540 nm for spherical Au nano-
particles and is red-shifted for large particles [30-
32]. However, for spheroidal particles, the dipolar
surface plasmon resonance typically splits into two
components, one blue- and the other red-shifted,
arising from excitation along the major and
minor axes, respectively. Although supportive of
the significant surface plasmon enhancements seen
in the SHG results, the extinction spectra shown in
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Fig. 3. Non-contact AFM image of Au nanoparticles at the maximum in Fig. 1 for (a) 107> M KAu(CN),, (b) 3 x 10> M KAu(CN),

and (c) 107* M KAu(CN),.

Fig. 2 differ from those expected, since maxima
occur close to the typical surface plasmon reso-
nance for spherical Au particles. It should be
noted that the distribution of aspect ratios for all
experiments discussed here is not nearly broad
enough to account for the unusual extinction maxi-
mum. In all cases, no particles are imaged by AFM
with aspect ratios above approximately 0.30.

The non-zero baseline in Fig. 2 may be associ-
ated with the choice of a reference substrate. The
existence of monolayer and multilayer films of

AuCN have been proposed in this system [33,34],
with evidence for substantial inclusion of AuCN in
the final Au deposit [35]. Clearly the presence of
such films will affect the measured extinction
spectra. The ability to obtain surface SHG spec-
tra in situ and their relatively “backgroundless”
nature in this resonant system make SHG much
more appropriate than extinction spectroscopy for
studies of Au nanoparticle growth.

The changes in the surface plasmon resonance
with increasing particle size have not been well
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studied for hemispheroids. The intensity of the
dipolar surface plasmon resonance of spherical
nanoparticles is expected to rise with particle vol-
ume until the particle size becomes significant with
respect to the wavelength of light. At this point
retardation effects cause the dipolar surface plas-
mon to red-shift and decline in intensity. Simul-
taneously, quadrupole and higher order multipoles
begin to contribute significantly to surface plas-
mon effects. This can be seen clearly in the ab-
sorbance and extinction spectra of spherical Ag
nanoparticles larger than about 100 nm diame-
ter [36-38]. While the dipole resonance red-shifts
with increasing particle size, the quadruapole and
higher multipoles remain close to the wavelength
of the original dipole resonance.

The size at which the maximum SHG intensity
occurs can be employed to probe the kinetics of
Au nanoparticle growth. Volmer—Weber growth
kinetics during vacuum deposition have been
thoroughly studied. However, the existence of ad-
sorption isotherms and electrocatalytic effects,
which may be more important than relative in-
terfacial energies, make electrochemical particle
growth more complex. Clearly the exchange cur-
rent density for both the anodic and cathodic re-
actions will be much higher on Au than on Si.

For these reasons, a phenomenological kinetic
analysis is performed based on

Lateral growth rate o< [HF]*[Au(CN); )/, (4)

where o and f are apparent reactions orders with
respect to the two reactants. The apparent reaction
order differs from a true reaction order in that
growth is only being considered in two dimensions.
Previous results showed that HF was the active
species with respect to Si oxidation with a =~ 1/2
[27]. Using the temporal maximum in the SHG
signal as a measure of growth rate, a similar
analysis for the present results yields f§ ~ 0.1.
One must hesitate to make firm kinetic conclu-
sions based on a limited data set. However, further
variations in the concentration of Au(CN), are
limited by particle coalescence at high concentra-
tion and by signal intensity at low concentration.
In support of the present conclusion, independent
AFM image analysis yields a similar reaction order

(a = 0.06) [28]. This indicates that the lateral par-
ticle growth rate is independent of the Au(CN);
concentration, suggesting that an excess of Au(I)
species is available for nanoparticle growth. These
results demonstrate the utility of SHG as an in situ
probe of particle growth.

The origin of the relative SHG intensities at the
maxima in Fig. 1 mainly reflects differences in the
nucleation density, although the aspect ratios may
also have some effect. The average nucleation
densities from AFM images at the SHG maxima
for 3 x 107 and 10* M KAu(CN), relative to
those for 10> M KAu(CN), are 2.0 and 3.2, re-
spectively. Similarly, the relative SHG enhance-
ments at the corresponding maxima in Fig. 1 are
1.6 and 3.1, respectively. Thus, the relative nucle-
ation density closely matches the relative SHG
enhancement. However, this may not be generally
be the case. Previous results suggest that in some
cases Au nanoparticle aspect ratio may also affect
the relative SHG intensities [27].
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