
experimental findings, we suggest that the con- 
tinuous bombardment of the evolving film dur- 
ing the BEN process induces the further growth 
of the diamond embryo by preferential displace- 
ment and transformation of amorphous carbon 
to diamond at the interface between the two 
phases. 

Under typical BEN conditions, the H2 con- 
tent in the plasma is >90 to 99%, so that each 
deposited carbon atom is bombarded by 20 to 
200 H atoms. The energy transferred by the 
colliding H atoms (<1/3 of the H energy) is 
below the displacement energy of diamond of 
-35 to 40 eV (25) but larger than that of 
graphite [-25eV (25)]. Even if the displace- 
ment efficiency of one H atom is low [-10% 
per 200 eV (16)], each graphitic atom will be 
displaced several times by the total number of 
the bombarding H atoms and imparted a con- 
siderable probability of occupying a diamond 
position. Further support for this picture of dia- 
mond growth in the bulk by transformation of 
a-C atoms at the diamond-a-C interface comes 
from our TEM (Fig. 1) and near edge x-ray 
absorption fine structure (NEXAFS) (8, 11) ob- 
servations, which show that the diamond crys- 
tallites formed in BEN are always embedded in 
an a-C matrix and the diamond crystallite sur- 
face is never exposed in BEN. We could not 
find any evidence for diamond surface 
nucleation. 

Once the diamond nucleus has reached a 
critical size, The BEN is stopped and the plasma 
is switched to nonbiased regular CVD condi- 
tions, in which the diamond crystallite grows via 
a CH3/C2H2 radical surface growth mechanism 
(1-3), whereas the sp2 bonded phases are etched 
by the harsh atomic hydrogen environment, ex- 
posing the buried perfect diamond crystallites 
for further growth. We have performed such a 
nonbiased CVD process for all the three sets of 
films reported here, and we have succeeded in 
growing polycrystalline diamond films. 

The diamond crystallites that precipitate 
in the a-C:H matrix (sometimes on the gra- 
phitic edge, which serves as a nucleation site) 
are randomly oriented. Epitaxial growth is 
expected and observed for nucleation on Si 
steps, as established in our previous work 
(12). In this case, the epitaxy is a bulk process 
achieved through a "mold effect" (12, 15, 
16), that is, the boundary conditions imposed 
by the crystalline structure of the Si step. 

Previous attempts to understand diamond 
nucleation (9, 26-28) considered either gas 
phase or surface nucleation. Under BEN con- 
ditions, clusters that form on the surfaces or 
nucleate in the gas phase and stick to the 
surface are not likely to survive the harsh 
energetic bombardment. In contrast, a dia- 
mond nucleus precipitated in the bulk is sta- 
bilized and protected from the bombardment 
of energetic species. 
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to the nucleation of a host of metastable high- 
pressure phases of other materials. For example, 
all steps of our present model apply to the 
nucleation of cubic boron nitride (cBN) with 
energetic species, which is readily explained by 
the formation of cBN clusters in the matrix 
formed by subplantation (which includes edges 
of hexagonal BN planes). Similar to BEN of 
diamond, the cBN crystallites are always cov- 
ered by a hexagonal BN layer and are never 
exposed on the surface (29), indicating their 
bulk precipitation nature. 
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Oxidation-Resistant Gold-55 

Clusters 
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M. Miller,2 G. Schmid,4 M. G. Garnier,5 P. Oelhafen5 

Gold nanoparticles ranging in diameter from 1 to 8 nanometers were prepared 
on top of silicon wafers in order to study the size dependence of their oxidation 
behavior when exposed to atomic oxygen. X-ray photoelectron spectroscopy 
showed a maximum oxidation resistance for "magic-number" clusters contain- 
ing 55 gold atoms. This inertness is not related to electron confinement leading 
to a size-induced metal-to-insulator transition, but rather seems to be linked 
to the closed-shell structure of such magic clusters. The result additionally 
suggests that gold-55 clusters may act as especially effective oxidation cata- 
lysts, such as for oxidizing carbon monoxide. 
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chemical properties of gold nanoparticles can 
differ from those of bulk gold. Ultrafine par- 
ticles (clusters) with dimensions below 10 nm 
supported on thin oxide films such as SiO2, 
TiO2, or MgO exhibit extraordinary catalytic 
activity (7-10) in oxidation reactions such as 
oxidizing CO. In this specific case, a sharp 
maximum was observed in the catalytic ac- 
tivity at a particle size of about 3 nm that 
correlated with the opening of an energy gap 
in the electronic density of states at the Fermi 
level (8). Quantum size effects in the elec- 
tronic structure caused by electron confine- 
ment to a restricted volume appeared to be 
responsible for the unexpected catalytic prop- 
erties of the nanoscaled Au system. 

We studied the size dependence of the 
oxidation behavior under exposure to oxygen 
atoms and radicals by depositing two differ- 
ent types of Au nanoparticles on silicon sub- 
strates covered by a thin layer of native sili- 
con oxide. We used the self-organization of 
macromolecules to create inverse micelles for 
the preparation of nanoparticles with a rea- 
sonable small variation in particle size. We 
also used chemically stabilized closed-shell 
clusters [Au55 clusters stabilized by a 
(PPh3)12C16 ligand shell], which allowed us 
to deposit monodisperse Au particles. 

We found that isolated Au5s clusters show 
an extraordinary resistance to oxidation even 
if exposed to oxygen atoms and radicals as 
created in oxygen plasmas. Under identical 
conditions, bulk Au is readily oxidized into 
Au203. This unusual chemical property of 
clusters, however, cannot be attributed sim- 
ply to a size-induced opening of an energy 
gap at the Fermi level EF, because these 
clusters still exhibit metallic behavior. Also, 
both larger and smaller Au nanoparticles pre- 
pared by the micellar technique were oxi- 
dized under these conditions. 

Briefly, the first preparation technique 
(11) exploits the self-assembly of diblock 
copolymers to inverse micelles in a nonpo- 
lar solvent such as toluene. After loading 
the core of the micelles with HAuC14, mo- 
nomicellar layers (with thickness corre- 
sponding to one micelle) could be obtained 
on top of native silicon oxide by dip coat- 
ing. The polymer matrix was then removed 
by means of an oxygen plasma, resulting in 
an array of well-separated metallic nano- 
particles of uniform size, which was con- 
trolled by adjusting the concentration of 
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the metal salt within the micellar solution. 
The arrangement of these Au particles as 

measured by noncontact atomic force micros- 
copy (AFM, in tapping mode) is shown in 
Fig. 1. Although not perfectly ordered, the 
particle arrangement exhibits a high degree of 
hexagonal short-range order, as evidenced by 
the corresponding autocorrelation function 
(inset, Fig. 1). From such AFM images, 
Gaussian size distributions with averages of 
7.9 + 1.2 nm, 2.9 ? 0.5 nm, 1.6 ? 0.3 nm, 
and 1.3 ? 0.3 nm could be extracted for the 
particles studied in this work. 

During all preparational steps, the chem- 
ical state of the gold was determined by x-ray 
photoelectron spectroscopy (XPS) (12). We 
added a final hydrogen plasma step to ensure 
that the as-prepared nanoparticles were ele- 
mental gold without any detectable traces of 
oxides (<1%). Figure 2A shows the Au-4d 
binding energy region together with the C-ls 
and Cl-2s core lines, the latter representing 
the elements to be removed by the in situ 
plasma etching. After an appropriate etching 
time, the Cl signal completely vanished, and 
the C intensity decreased to below 0.005 
monolayer (ML), which can be neglected in 
the context of the present work. Thus, isolat- 
ed pure Au particles were available to study 
chemical interactions with reactive oxygen 
species. 

Because of the small but finite size distri- 
bution of the Au particles prepared by the 
micellar technique, monodisperse Au55 clus- 
ters (size 1.4 nm) stabilized by a PPh3 ligand 
shell were also synthesized (13) and were 
deposited on native silica by spin coating 
from a CH2C12 solution (14). Spin coating 
creates islands 1 ML in height after evapora- 
tion of the solvent on hydrophobic substrates 
(15). These samples were then exposed to an 

oxygen plasma in order to remove the ligand 
shell (Fig. 2B), which allowed us to study the 
properties of "naked" Au5s clusters. 

Because we are interested in the response 
of such pure Au nanoparticles to highly reac- 
tive oxygen species as provided by an oxygen 
plasma (exposure for 10 min at 50 W and 
0.005 mbar), a flat Au(11) surface was first 
treated under identical conditions for compar- 
ison to the bulk behavior. The corresponding 
XPS core-level spectra of the Au-4f region 
acquired for two different photoelectron take- 
off angles qp, resulting in different surface 
sensitivities, are shown in Fig. 3A. Both 
spectra reveal four peaks originating from the 
metallic Au substrate (binding energies 84.0 
and 87.7 eV) and Au bonded to oxygen (bind- 
ing energies 85.8 and 89.5 eV). The oxide can 
be identified as Au203 by the observed ener- 
gy shift (4, 6). From the angular dependence 
of the different spectral weights, a surface 
oxide layer with a thickness of 2.9 nm (16) 
can be extracted. This corresponds to 0.7 nm 
of the original Au film, which is transformed 
into Au203 during the plasma treatment. 

Thus, when exposing small Au particles 
to such a plasma, we expect the formation 
of a core/shell system composed of an Au 
oxide shell and a pure Au core whose di- 
ameter should decrease with decreasing 
particle size. Finally, the oxidation of Au 
clusters should be complete for an initial 
size of 1.4 nm (two times 0.7 nm) and below. 
Hence, full oxidation is expected for clus- 
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Fig. 1. AFM image of Au particles prepared by a 
micellar method (11) (z range, 20 nm). The 
inset shows the corresponding autocorrelation 
function indicating a high degree of hexagonal 
order. Analysis of the size distribution yields an 
average diameter of 7.9 + 1.2 nm. 
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Fig. 2. Au-4d, C-1s, and Cl-2s core lines ac- 
quired from (A) HAuCl4-loaded micelles and (B) 
ligated Au5s clusters supported on native sili- 
con oxide before and after exposure to an in 
situ oxygen plasma. arb., arbitrary. 
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ters containing about 55 Au atoms and fewer. 
The resulting chemical state can again be 

studied in detail by means of core-level spec- 
troscopy, taking advantage of the well-de- 
fined spectroscopic fingerprint of the Au203 
compound. Figure 3B summarizes the Au-4f 
spectra, which were acquired for different 
particle sizes after the oxygen plasma treat- 
ment (under the same plasma conditions as in 
Fig. 3A). Starting with curve a, exposure of 
the 7.9-nm Au particles to oxygen atoms and 
radicals leads to the formation of two dou- 
blets that originate from elemental Au and 
from Au oxide, respectively. Quantitatively, 
from the spectral weights of the different 
components, the core radius as well as the 
shell width can be derived (17). This proce- 
dure yields a "surviving" metal core with a 
diameter of 6.5 nm for the plasma-treated 
sample, pointing to the transformation of a 
thin Au surface layer (thickness 0.7 nm) into 
Au oxide. These particles behave similarly to 
the Au film presented in Fig. 3A. Reducing 
the particle size to 2.9 nm (Fig. 3B, curve b) 
leads to a strongly lowered but still nonzero 
intensity of the metallic component. In this 
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case, the plasma treatment reduced the diam- 
eter of the elemental Au from 2.9 nm to 1.6 
am (again, a 0.65-nm Au layer transforms 
nto Au oxide). Further reduction of the par- 
ticle size to 1.6 nm and below should lead to 
a practically complete oxidation of the Au 
lots. However, the reduction of the particle 
size to 1.6 nm (curve c) actually leads to a 
dramatic increase in the spectral weight of the 
netallic component, evidencing an increased 
resistance against oxidation of these particles. 
This resistance is even more pronounced in 
the case of naked Au55 clusters (curve d, size 
1.4 nm), which reveal a vanishing oxide con- 
ribution to the spectrum. We want to point 
)ut that in the latter two cases, all of the Au 
atoms forming a particle contribute to the 
KPS spectrum, because the electron mean 
free paths exceed the particle dimensions. If 
he initial particle size is further reduced to 
1.3 nm and below (curves e and f), the peaks 
due to the photoemission from elemental Au 
are continuously damped. For the smallest 
particles investigated (<1 nm), the domi- 
nant photoemission arises from the oxide, 
which again points to an oxidation behavior 
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Therefore, we conclude that the extraor- 
dinary chemical stability of Au.5 is not 
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caused by size-induced modifications in the 
electronic structure. Rather, the closing of the 
second atomic shell is a more likely origin for 
the increased chemical stability. "Chemical 
selection," which avoids having an arbitrary 
number of atoms in a particle during the 
formation of phosphine-based Au clusters 
(Au13, Au55, Au147, etc.), might itself result 
in oxidation resistance. On the other hand, the 
chemical stability of Au55 clusters might also 
be influenced by a high density of defects in 
the supporting material caused by the initial 
oxygen plasma treatment to remove the li- 
gand shell. Defects in the support are known 
to modify the reactivity of Au clusters as 
compared to that of clusters on perfect sub- 
strates (7). 

The observed stability against oxidation 
does not reflect a general property of ultrafine 
Au particles for particle diameters below a 
certain threshold. Rather, a nonmonotoneous 
size dependence was found with a pro- 
nounced minimum of reactivity for a cluster 
size of 1.4 nm. Interestingly enough, such a 
minimum of reactivity with atomic oxygen 
coincides with the existence of a pronounced 
maximum of catalytic efficiency for oxida- 
tion of CO to CO2 (8). Thus, we may spec- 
ulate that Au55 clusters also exhibit unusual 
catalytic properties, such as in the oxidation 
of CO, because the catalyzing clusters will 
not be affected by the presence of atomic 
oxygen during the catalytic reaction. 
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Nanoparticles with Raman 

Spectroscopic Fingerprints for 

DNA and RNA Detection 

YunWei Charles Cao, Rongchao Jin, Chad A. Mirkin* 

Multiplexed detection of oligonucleotide targets has been performed with gold 
nanoparticle probes labeled with oligonucleotides and Raman-active dyes. The gold 
nanoparticles facilitate the formation of a silver coating that acts as a surface- 
enhanced Raman scattering promoter for the dye-labeled particles that have been 
captured by target molecules and an underlying chip in microarray format. The 
strategy provides the high-sensitivity and high-selectivity attributes of gray- 
scale scanometric detection but adds multiplexing and ratioing capabilities 
because a very large number of probes can be designed based on the concept 
of using a Raman tag as a narrow-band spectroscopic fingerprint. Six dissimilar 
DNA targets with six Raman-labeled nanoparticle probes were distinguished, as 
well as two RNA targets with single nucleotide polymorphisms. The current 
unoptimized detection limit of this method is 20 femtomolar. 
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A highly sensitive and selective detection 
format for DNA relies on oligonucleotide- 
functionalized nanoparticles as probes, a par- 
ticle-initiated Ag developing technique for 
signal enhancement, and a flatbed scanner for 
optical readout (1). The documented detec- 
tion limit for this "scanometric DNA detec- 
tion" format is 50 fM, (1) and the utility of 
the system has been demonstrated with short 
synthetic strands, polymerase chain reaction 
products, and genomic DNA targets (2, 3). 
However, a limitation of this approach is that 
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it is inherently a one-color system based on 
gray scale. The flexibility and applicability of 
all DNA-detection systems benefit from ac- 
cess to multiple types of labels with addres- 
sable and individually discernable labeling 
information. In the case of fluorescence, mul- 
tiple fluorophores, including quantum dots, 
can be used to prepare encoded structures 
with optical signatures that depend on the 
types of fluorophores used and their signal 
ratio within the probes (4, 5). These ap- 
proaches typically use micrometer-sized 
probes to obtain encoded structures with the 
appropriate signal intensities and uniformi- 
ties. In the case of molecular fluorophores, 
overlapping spectral features and nonuniform 
fluorophore photobleaching rates lead to sev- 
eral potential complications (4, 6, 7). 
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