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ABSTRACT

We have developed a process for fabricating monodisperse noble metal/rare earth disilicide core −shell nanoparticles and nanowires in regular
arrays on Si(001) with a density of 5 × 1010 / cm2, and over areas >1 mm 2. Pt deposited via physical vapor deposition on a self-assembled rare
earth disilicide nanowire template combined with reactive ion etching produces arrays of nanostructures. SEM images demonstrate the ability
to select nanowires or nanoparticles as a function of Pt coverage. Statistical analysis of images of Pt nanoparticle arrays yield a mean feature
size of 8 nm with a size variation of ±0.9 nm and interparticle spacing of approximately 15 nm.

Metal nanostructures have demonstrated the capacity for
single-molecule detection limits in plasmon resonance bio-
sensors: chemical selectivity, higher performance in catalytic
processes than their bulk counterparts, and the transport of
electromagnetic energy along particle chains, to name a few
examples. In this letter, we address one of the most
significant challenges to technological developments that
capitalize on unique properties of metal nanoparticles (NPs)
and nanowires (NWs): the fabrication of high-density
nanostructure arrays with monodisperse size, shape, and
interparticle spacing using a low-cost and high-throughput
technique. In noble metal nanostructures, the plasmon
resonance frequency strongly depends on size,1 shape,2 and
interparticle spacing.3 The strong near-field coupling between
closely spaced particles leads to a Raman scattering signal
with theoretically predicted enhancement factors of 106-
1014, affording the possibility of adsorbed single-molecule
detection.4,5 For molecular catalysis, in the case of Pt in bulk
form, the catalytic turnover rate is decreased by 6 orders of
magnitude after exposure to carbon monoxide, a byproduct
of many catalytic reactions.6,7 In comparison, Pt nanoparticles

having a width on the order of 20 nm have exhibited a
significantly lower susceptibility to carbon monoxide poison-
ing than bulk single-crystal Pt(111) when the turnover rate
was measured for ethylene hydrogenation on both platforms.7

Bimetallic8-11 and metal/oxide10,12 core-shell13,14 nanopar-
ticles with diameters on nanometer length scales exhibit
peculiar chemical activity and selectivity in catalytic reactions
that are not available in bulk form. In this letter, we discuss
a unique Si-compatible fabrication process for dense ordered
arrays (∼1011 cm-2) of metallic nanostructures with mono-
disperse size and shape, over large area (>1 mm2), and
having feature size and interparticle spacing that exceeds state
of the art electron-beam lithography that has been developed.
Rare earth disilicide (RESi2-x) NWs with high aspect ratios,15

lengths exceeding 1 micrometer and widths less than 5 nm,
have been fabricated previously.16,17These RESi2-x NWs can
be grown successfully on vicinal Si(001) substrates with a
miscut of 2-2.5° toward the [110] azimuth.18-20 The growth
of RESi2-x (RESi2-x, RE ) Dy, Er, Gd) NWs has been
attributed to an anisotropic lattice mismatch between thea
andc axis of the hexagonal RESi2-x lattice with respect to
Si[110],21 and the NW width is governed by strain.22 We
have shown that deposition of Pt on RESi2-x NWs on Si-
(001) renders the highly reactive RESi2-x NW surface air
stable.23 In this letter, we demonstrate the fabrication of Pt/
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ErSi2-x core-shell NPs and NWs in regular arrays with a
mean feature size of 8 nm and having an approximate density
of 5 × 1010/cm2 over areas greater than 1 mm2 by using
ErSi2-x NWs as a self-assembled template on Si(001).
Because this process uses selective aggregation of Pt on a
nanowire template, it can be applied to other noble metals
such as Au,24 Pd, and Co in order to fabricate nanostructures
for a broad range of applications.

Self-assembled ErSi2-x NW arrays were grown by physical
vapor deposition (PVD) of Er on Si(001) in an ultrahigh
vacuum (UHV) system with a base pressure of 10-10 Torr
and a VT Omicron scanning tunneling and atomic force
microscope (STM/AFM) attached. The details of ErSi2-x NW
growth have been described in detail elsewhere.25 Following
Er deposition at 600°C and NW formation, PVD of Pt at
submonolayer quantities was performed at room temperature
and followed by an anneal at 550°C for 10 min. Scanning
tunneling microscopy (STM) images were obtained before
and after Pt deposition. All STM images were acquired at
room temperature with the VT Omicron STM/AFM. After
imaging, samples were removed from UHV and subjected
to a reactive ion etch (RIE) using CHF3 gas. A schematic
diagram of the fabrication process is shown in Figure 1.
Surface morphology was examined by scanning electron
microscopy (SEM) and ambient AFM after RIE. SEM
imaging using backscattered electrons was performed to
achieve atomic contrast on the surface in order to examine
the surface distribution of Pt atoms. NP mean size and the
size distribution were calculated from SEM images using
Fovea Pro (Reindeer Graphics Corp.).

A 500 × 500 nm2 STM image of ErSi2-x NWs on Si-
(001) is shown in Figure 2a. The NWs form along Si[110]
and have an average length of 200 nm. A high-resolution
STM image is shown in Figure 2b. Thec(2 × 2) surface
reconstruction is visible on the NW surface that is charac-
teristic of the hexagonalAlB2 structure. The 500× 500 nm2

STM image of Figure 2c shows the morphology of Pt/
ErSi2-x/Si(001) NWs after PVD of Pt at room temperature
followed by annealing at 550°C for 10 min. The NW size
and shape does not change noticeably; the average feature
length and width of NWs are the same before and after Pt

deposition. Nevertheless, thec(2 × 2) surface reconstruction
is no longer observed on the nanowire surface, as seen in
the STM image of Figure 2d. The 2× 1 surface reconstruc-
tion is still evident on the Si surface next to the nanowire.
The areal density of Pt on this sample surface is 6.78× 1013/
cm2 (0.1 ML) as determined from Rutherford backscattering
spectroscopy (RBS). Previous research has shown that if Pt
coverage on Si(001) is less than 1/6 monolayer (ML) then
Pt will induce disorder of the Si 2× 1 reconstruction, and
if the coverage is greater than 1/6 ML, ac(4 × 2) and/or
c(4 × 6) can be observed on Si(001).26

To gain insight into how Pt atoms are distributed on
ErSi2-x NW/Si(001) surfaces, the nanostructure morphology

Figure 1. Schematic diagram of the fabrication process of Pt/ErSi2-x NW and NP arrays by Pt deposition at room temperature on ErSi2-x

NWs on Si(001) in UHV followed by annealing at 550°C for 10 min; the resulting nanostructures are defined after RIE as NW or NP
arrays resulting from high or low Pt coverage, respectively.

Figure 2. STM images of self-assembled ErSi2-x NWs on
Si(001): (a) 500× 500 nm2 region; (b) a high-resolution image
where thec(2 × 2) surface reconstruction is visible on the ErSi2-x

NW surface. The NW width is approximately 3 nm; (c) 500×
500 nm2 region after Pt deposition and thermal annealing at 550
°C for 10 min; (d) and a high-resolution image where thec(2× 2)
surface reconstruction is no longer observed on the ErSi2-x NW
surface after Pt deposition and annealing; however, the Si (2× 1)
substrate reconstruction is still visible in upper right corner.
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evolution due to RIE samples in CHF3 gas for 45 s with
varying Pt coverage was measured with SEM. The Pt
coverage in some cases was extrapolated from a calibration
generated by measuring the Pt coverage with RBS for various
deposition times at fixed evaporator power. Figure 3a shows
a SEM image after RIE of an ErSi2-x/Si(001) surface without
Pt; the remaining nanostructures resemble rectangular NPs
of varying size, and NWs are no longer observed. Figure 3b
is a SEM image after a similar RIE process of a Pt/ErSi2-x/
Si(001) sample with an approximate Pt coverage of 0.2 ML.
Most of the NWs are observed to remain 200 nm in length
(as observed in STM images taken before RIE) for the
sample with 0.2 ML of Pt but not for the sample without Pt.
The nanostructure evolution as a function of Pt coverage on
Pt/ErSi2-x/Si(001) surfaces after the samples undergo similar
RIE procedures is shown in Figure 3b-d. After RIE, at
approximate Pt coverage of 0.2 ML NWs are predominant,
at measured Pt coverage of 0.15 ML NWs and NPs coexist,
and at approximate Pt coverage of 0.08 ML NPs are

predominant. Thus, the nanostructures evolve from NW to
NP arrays as Pt coverage decreases.

AFM line profiles give evidence that Pt acts as a more
resistant etch mask than ErSi2-x and the Si substrate. Line
profiles were taken from AFM images of samples after RIE
with and without Pt on ErSi2-x/Si(001) and are shown in
Figure 4a and b, respectively. The average feature height
for Pt/ErSi2-x/Si(001) NWs before and after etching are
approximately 1 and 11 nm and for ErSi2-x/Si(001) NWs
that undergo the same processing steps are 1 and 3 nm,
respectively. From this data, the Pt-covered surface is more
resistant to etching. If we consider the areal coverage of
features before and after RIE, then the coverage after RIE
is correlated to the Pt coverage as seen in Table 1, thus giving
further evidence that Pt is indeed acting as an etch mask.

The atomic numbers of Si, Pt, and Er are 14, 78, and 68,
respectively. Thus, compositional contrast between Pt and
Si, ErSi2-x and Si, and Pt and ErSi2-x is expected when
imaging with backscattered electron due to differences in
atomic number.27 In Figure 5, SEM images of (a) Pt/ErSi2-x/

Figure 3. SEM images taken after RIE samples in CHF3 gas for
45s: (a) ErSi2-x/Si(001) surface; (b) Pt/ErSi2-x/Si(001) surface with
0.2 ML Pt coverage; (c) Pt/ErSi2-x/Si(001) surface with 0.15 ML
Pt coverage; and (d) Pt/ErSi2-x/Si(001) surface with 0.08 ML Pt
coverage. (Note that in parts a and c the Si substrate is nominally
flat and in parts b and d the vicinal Si surface has a miscut of 2.5°
toward the [110] azimuth.)

Figure 4. AFM line profiles of samples after RIE of the
following: (a) Pt/ErSi2-x/Si(001) with 0.1 ML Pt coverage; the
average feature height is 11 nm; and (b) ErSi2-x/Si(001) without
Pt; the average feature height is 3 nm. The insets are schematics
of the proposed cross section after RIE with respect to each AFM
line profile.

Table 1. Areal Coverage of Nanostructures after RIEa

areal coverage
of NWs before

RIE
areal coverage
of Pt after RIE

areal coverage of
nanostructure

after RIE

20% 0.2 ML* 18%
18% 0.15 ML 15%
11.5-14% 0.08 ML* 2%

a The areal coverage correlates with Pt areal coverage as measured/
calibrated by RBS analysis. * indicates that the data was estimated from
the calibration curve generated from the RBS data of other samples.
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Si(001) samples with a Pt coverage of 0.2 ML and (b) 0.08
ML after RIE are shown. The images were acquired with
an acceleration voltage of 2.2 kV and the detector set with
a bias of 430-450 V in order to repel low-energy secondary
electrons (SE) and image primarily with backscattered
electrons (BSE) using an Ultra 55 Zeiss SEM. Under these
imaging conditions, 90% (50%) of electrons from a metal
(semiconductor) that reach the detector are BSE. Thus, we
would expect contrast on the Si substrate between NWs and
NPs if Pt was present because of the difference in atomic
number between Pt and Si. There is no discernible contrast
on the bare Si substrate between NWs in Figure 5a and
between NPs in Figure 5b, indicating the absence of Pt on
Si(001). Yet, contrast can be observed on NW surfaces in
Figure 5a. Again we would expect to see Z contrast between
Pt and ErSi2-x and the contrast on the NW surface is
indicative of Pt clusters on NW surfaces.

STM, SEM, and AFM images, as well as the areal density
of Pt deposited on ErSi2-x/Si(001) surfaces, indicate that Pt
clusters preferentially aggregate on ErSi2-x NWs rather than
the Si(001) substrate. This phenomenon of preferential
aggregation is not unique to this material system. Au and
Ag deposited on phase-separated diblock copolymers pref-
erentially decorate one phase of the phase-separated polymer
surface instead of randomly distributing on both phases.
Preferential aggregation was attributed to differences in
interfacial energy as well as differing atomic surface diffu-
sivity of the metal atoms on the two diblock copolymer
phases. These results were predicted in Monte Carlo simula-
tions and observed experimentally in transmission electron
microscopy images.28,29

The morphology of nanostructures after RIE is altered by
Pt deposition; the size and shape of NPs in Figure 3d, that

is, Pt/ErSi2-x/Si(001) with 0.08 ML of Pt, appears more
uniform than those in Figure 3a, that is, a ErSi2-x/Si(001)
surface without Pt. Using Fovea Pro, the surface area of each
NP observed in SEM images was calculated. A spherical
particle shape is assumed from which the particle diameter
was then calculated. These size distributions were fitted with
a Lorentzian distribution function in order to obtain a full
width at half-maximum (fwhm) and thereby the variation
about the mean NP size. Using this method to analyze the
SEM image of Figure 3a, the mean feature size was
calculated as 9.3 nm in diameter and the calculated fwhm is
11.8 nm, which corresponds to a size variation(63.4% of
mean diameter as shown in Figure 6a. The size distribution
from the SEM image of Figure 3d is shown in Figure 6b.
The mean feature size is calculated as 8 nm, and the
calculated fwhm is 1.8 nm, which corresponds to a size
variation of(11.3% of the mean diameter over an area of
1 µm2. Data below the resolution limit of the SEM was
discarded. The insets of Figure 6 show the resolution limit
of the SEM under the operating conditions. The NP size

Figure 5. SEM images of (a) the Pt/ErSi2-x/Si(001) surface with
Pt of 0.2 ML coverage and (b) the Pt/ErSi2-x/Si(001) surface with
Pt of 0.08 ML coverage after etching both samples in CHF3 gas
for 45s. The SEM images were acquired with an acceleration
voltage of 2.2 kV with the detector set with a rejection bias of
430-450 V and a working distance of 3 mm in order to reduce
the contribution of secondary electrons in order to acquire an image
with heightened atomic contrast.

Figure 6. Histograms of calculated size distribution resulting from
image analysis of the SEM images of Figure 2a and d. The mean
size is 9.3( 5.9 nm and 8.0( 0.9 nm, respectively. On the basis
of the resolution of SEM images under the operating conditions,
the cutoff is 5 nm in Figure 6a and 7.2 nm in Figure 6b.
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distribution is much smaller for the Pt/ErSi2-x/Si(001) sample
versus the ErSi2-x/Si(001) sample. The areal density of NP
arrays in the SEM images of Figure 3a and d was calculated
as approximately 5× 1010/cm2. Other material systems can
form NPs via strained epitaxy and have a similar island
density, but the mean diameter of these NPs is approximately
20 nm with a size variation of(17.5% of mean in the InAs/
GaAs system30 and 55 nm with a size variation of(16% of
mean in the Ge/Si system.31 Pt/ErSi2-x core-shell NPs are
comparable in diameter to Pt NPs fabricated in solution and
deposited on a surface using the Langmuir-Blodgett (LB)
technique. The mean size and the distribution for LB
assembled Pt NPs is 9.1 nm( 7% over an area of 0.5µm2.32

Solution-phase synthesis of NPs offers tight control of mean
NP size because of the presence of capping reagents. In the
case of Pt/ErSi2-x core-shell NPs, STM images indicate that
Pt clusters form on NW surfaces with a specific planar
configuration,23 possibly to maintain the lowest strain energy
between Pt clusters and the ErSi2-x lattice. According to
density functional theory calculations, the energetics that
governs the preferred intra-atomic spacing in a Pt cluster
and the spatial configuration is dependent on the number of
atoms in a Pt cluster, that is, the cluster size.33 The NP size
will be related to the size of Pt clusters on NW surfaces
because Pt is a more resistant etch mask than ErSi2-x.
Energetically preferred planer structures are a possible
explanation for the narrow size distribution, that is, Pt atoms
decorate the ErSi2-x surface at low Pt coverage with a
preferred cluster size because of a similar intra-atomic
spacing in the Pt cluster and the ErSi2-x hexagonal lattice.

We have demonstrated the ability to select NW arrays
(higher coverage) or NP arrays (lower coverage) as a function
of Pt coverage. The preferential aggregation of Pt on ErSi2-x

NWs may be attributed to differences in the surface energy
and atomic mobility of Pt atoms on ErSi2-x NWs as
compared to the Si(001) surface. At low Pt coverage, regular
NP arrays having a mean size of 8 nm and a size distribution
of (0.9 nm around the mean were obtained. The mean size
is significantly smaller and the size distribution is narrower
than those in other strain-driven assembly systems. Strain
between Pt clusters and the ErSi2-x lattice is a probable
mechanism for forming NP arrays with a narrow size
distribution. We also have preliminary data that this process
is translatable to Au on DySi2-x/Si(001) NWs.24 Future work
will involve developing this process for other noble metals
such as Au, Ag, and Pd to fabricate a variety of nanostruc-
tures with different material systems. Monodisperse and
highly dense metallic NP and NW arrays that are immobile
on a substrate are an important precursor to generate devices
with uniform response because both optical and catalytic
properties are dependent on particle size and shape. The
fabrication process presented here allows for good control
of feature size without lithography, and thus it is a promising
route to generate NP and NW arrays using a low-cost, high-
throughput technique.
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