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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 x 101°/ cm?, 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 nanopatrticle 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 forhaving a width on the order of 20 nm have exhibited a
single-molecule detection limits in plasmon resonance bio- significantly lower susceptibility to carbon monoxide poison-
sensors: chemical selectivity, higher performance in catalytic ing than bulk single-crystal Pt(111) when the turnover rate
processes than their bulk counterparts, and the transport ofwvas measured for ethylene hydrogenation on both platférms.
electromagnetic energy along particle chains, to name a fewBimetallicd1* and metal/oxid¥12 core—shel*4 nanopar-
examples. In this letter, we address one of the mostticles with diameters on nanometer length scales exhibit
significant challenges to technological developments that peculiar chemical activity and selectivity in catalytic reactions
capitalize on unique properties of me@ nanopa.rtlcles (N_PS) that are not available in bulk form. In this letter, we discuss
and nanowires (NWs): the fabrication of high-density a unique Si-compatible fabrication process for dense ordered
nanostructure arrays with monodisperse size, shape, anthrays (~16' cm2) of metallic nanostructures with mono-
|nterp_art|cle spacing using a low-cost and high-throughput disperse size and shape, over large ared (), and
technique. In noble metal nanostructures, the plasmony,aying feature size and interparticle spacing that exceeds state
resonance frequency strongly depends on'ssf@peand it e art electron-beam lithography that has been developed.
interparticle spacm@?rhe strong near-field coupling b(_atwet_en are earth disilicide (RESi,) NWs with high aspect ratios,
cl_osely spaqed par'ucle; leads to a Raman scattering signa engths exceeding 1 micrometer and widths less than 5 nm,
o o ey e oo TR beo el iU Those RESi, s can
T 9 P y ot ags 9 . be grown successfully on vicinal Si(001) substrates with a
detectior:®> For molecular catalysis, in the case of Ptin bulk . 20
: . miscut of 2-2.5° toward the [110] azimutf2° The growth
form, the catalytic turnover rate is decreased by 6 orders of . . —
. . of RESb—x (RESk-x, RE = Dy, Er, Gd) NWs has been
magnitude after exposure to carbon monoxide, a byproduct ttributed to an anisotropic lattice mismatch betweenah
of many catalytic reactiorfs’ In comparison, Pt nanoparticles attributed to an anisotropic fattice mismaich betweenane
andc axis of the hexagonal RES|, lattice with respect to

* Corresponding author. Tel: (949)824-6830. Fax: (949)824-2541. Si[llO],21 and the NW width is govemed by strathWe

E—rTnaiI: rragan(g?uci.lefdu. have shown that deposition of Pt on RESINWSs on Si-
University of California. ; ; ; ;
+ Korea Advanced Institute of Science and Technology. (001) render_s the highly reactive RESINW s_urfgce ar

8 Hewlett-Packard Laboratories. stable?? In this letter, we demonstrate the fabrication of Pt/
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Figure 1. Schematic diagram of the fabrication process of Pt/Ex]NW and NP arrays by Pt deposition at room temperature onErSi
NWs on Si(001) in UHV followed by annealing at 58C€ for 10 min; the resulting nanostructures are defined after RIE as NW or NP
arrays resulting from high or low Pt coverage, respectively.

ErSk_y core—shell NPs and NWs in regular arrays with a
mean feature size of 8 nm and having an approximate density |
of 5 x 10'Y9cn¥ over areas greater than 1 rafy using '
ErSk_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 Ai#* Pd, and Co in order to fabricate nanostructures
for a broad range of applications.

Self-assembled Ergi 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 ®0rorr
and a VT Omicron scanning tunneling and atomic force
microscope (STM/AFM) attached. The details of ErgNW
growth have been described in detail elsewlieFmllowing
Er deposition at 600C and NW formation, PVD of Pt at
submonolayer quantities was performed at room temperature
and followed by an anneal at 55C 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  figure 2. STM images of self-assembled ExSi NWs on
imaging, samples were removed from UHV and subjected Si(001): (a) 500x 500 nn? region; (b) a high-resolution image
to a reactive ion etch (RIE) using Ckllgas. A schematic  where thec(2 x 2) surface reconstruction is visible on the Eri
diagram of the fabrication process is shown in Figure 1. ’g‘c\)/g S%face_- TheﬁNV\F/)tvxgdth ist.appro;firtr;]atelyf nm; (l‘?) 5&?550
SL_Jrface morphology was exa_lmined by scanning electronoc fo? 10nr3r?ilr?;n(da; :r: da h%ﬁﬁféé%?uggn ingn;ivk?grlect%g]g %
microscopy (SEM) and ambient AFM after RIE. SEM = gyrface reconstruction is no longer observed on the,ErSiw
imaging using backscattered electrons was performed tosurface after Pt deposition and annealing; however, the Si 12
achieve atomic contrast on the surface in order to examinesubstrate reconstruction is still visible in upper right corner.
the surface distribution of Pt atoms. NP mean size and the
size distribution were calculated from SEM images using deposition. Nevertheless, th€ x 2) surface reconstruction
Fovea Pro (Reindeer Graphics Corp.). is no longer observed on the nanowire surface, as seen in

A 500 x 500 nn? STM image of ErSi_x NWs on Si- the STM image of Figure 2d. The 2 1 surface reconstruc-
(001) is shown in Figure 2a. The NWs form along Si[110] tion is still evident on the Si surface next to the nanowire.
and have an average length of 200 nm. A high-resolution The areal density of Pt on this sample surface is 6 7@/

STM image is shown in Figure 2b. Tref2 x 2) surface cn? (0.1 ML) as determined from Rutherford backscattering
reconstruction is visible on the NW surface that is charac- spectroscopy (RBS). Previous research has shown that if Pt
teristic of the hexagondlIB; structure. The 506 500 nn¥ coverage on Si(001) is less than 1/6 monolayer (ML) then
STM image of Figure 2c shows the morphology of Pt/ Pt will induce disorder of the Si % 1 reconstruction, and
ErSk-,/Si(001) NWs after PVD of Pt at room temperature if the coverage is greater than 1/6 ML,cé4 x 2) and/or
followed by annealing at 556C for 10 min. The NW size  c¢(4 x 6) can be observed on Si(00%).

and shape does not change noticeably; the average feature To gain insight into how Pt atoms are distributed on
length and width of NWs are the same before and after Pt ErSi—x NW/Si(001) surfaces, the nanostructure morphology
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Figure 4. AFM line profiles of samples after RIE of the
following: (a) Pt/ErSi—,/Si(001) with 0.1 ML Pt coverage; the
average feature height is 11 nm; and (b) Erg8i(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 RIE

areal coverage areal coverage of
of NWs before areal coverage nanostructure
RIE of Pt after RIE after RIE
, , , 20% 0.2 ML* 18%
Figure 3. SEM images taken after RIE samples in GHfas for 18% 0.15 ML 15%
45s: (a) ErSi_/Si(001) surface; (b) Pt/Ergi/Si(001) surface with 11.5-14% 0.08 ML* 20
0.2 ML Pt coverage; (c) PYErsi/Si(001) surface with 0.15 ML
Pt coverage; and (d) Pt/EsSi/Si(001) surface with 0.08 ML Pt aThe areal coverage correlates with Pt areal coverage as measured/

coverage. (Note that in parts a and c the Si substrate is nomina”ycalibrat_ed by RBS analysis. * indicates that the data was estimated from
flat and in parts b and d the vicinal Si surface has a miscut &f 2.5 the calibration curve generated from the RBS data of other samples.
toward the [110] azimuth.)

predominant. Thus, the nanostructures evolve from NW to
evolution due to RIE samples in Chil§as for 45 s with NP arrays as Pt coverage decreases.
varying Pt coverage was measured with SEM. The Pt AFM line profiles give evidence that Pt acts as a more
coverage in some cases was extrapolated from a calibratiorresistant etch mask than EsSjand the Si substrate. Line
generated by measuring the Pt coverage with RBS for variousprofiles were taken from AFM images of samples after RIE
deposition times at fixed evaporator power. Figure 3a showswith and without Pt on Er$i,/Si(001) and are shown in
a SEM image after RIE of an ErSj/Si(001) surface without ~ Figure 4a and b, respectively. The average feature height
Pt; the remaining nanostructures resemble rectangular NPSor Pt/ErSp,/Si(001) NWs before and after etching are
of varying size, and NWs are no longer observed. Figure 3b approximately 1 and 11 nm and for EfSiSi(001) NWs
is a SEM image after a similar RIE process of a Pt/Erbi that undergo the same processing steps are 1 and 3 nm,
Si(001) sample with an approximate Pt coverage of 0.2 ML. respectively. From this data, the Pt-covered surface is more
Most of the NWs are observed to remain 200 nm in length resistant to etching. If we consider the areal coverage of
(as observed in STM images taken before RIE) for the features before and after RIE, then the coverage after RIE
sample with 0.2 ML of Pt but not for the sample without Pt. is correlated to the Pt coverage as seen in Table 1, thus giving
The nanostructure evolution as a function of Pt coverage onfurther evidence that Pt is indeed acting as an etch mask.
PY/ErS-,/Si(001) surfaces after the samples undergo similar  The atomic numbers of Si, Pt, and Er are 14, 78, and 68,
RIE procedures is shown in Figure 3d. After RIE, at respectively. Thus, compositional contrast between Pt and
approximate Pt coverage of 0.2 ML NWs are predominant, Si, ErSp—x and Si, and Pt and ErSk is expected when
at measured Pt coverage of 0.15 ML NWs and NPs coexist,imaging with backscattered electron due to differences in
and at approximate Pt coverage of 0.08 ML NPs are atomic numbef’ In Figure 5, SEM images of (a) Pt/ESi/
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Figure 5. SEM images of (a) the Pt/ErSi/Si(001) surface with 30+ (b)
Pt of 0.2 ML coverage and (b) the Pt/ExS{Si(001) surface with
Pt of 0.08 ML coverage after etching both samples in €g&s 25+ )
for 45s. The SEM images were acquired with an acceleration \
voltage of 2.2 kV with the detector set with a rejection bias of »n 20 I l
430—450 V and a working distance of 3 mm in order to reduce -E ' Il
the contribution of secondary electrons in order to acquire an image S 131 I ]
with heightened atomic contrast. 8 10 i "l-
it
Si(001) samples with a Pt coverage of 0.2 ML and (b) 0.08 ""! I
ML after RIE are shown. The images were acquired with 51 ”" |""I
an acceleration voltage of 2.2 kV and the detector set with 0- H|||||| 1
a bias of 436-450 V in order to repel low-energy secondary 0 2 4 6 8 10 12 14 16 18
electrons (SE) and image primarily with backscattered Di t
electrons (BSE) using an Ultra 55 Zeiss SEM. Under these lameter (nm)
imaging conditions, 90% (50%) of electrons from a metal

(semiconductor) that reach thg detector are BSE. Thus, WeFigure 6. Histograms of calculated size distribution resulting from
WOU"_j expect contrast on the Si SUbStrate_ between_NWS anqmage analysis of the SEM images of Figure 2a and d. The mean
NPs if Pt was present because of the difference in atomic gjze js 9.3+ 5.9 nm and 8.6t 0.9 nm, respectively. On the basis
number between Pt and Si. There is no discernible contrastof the resolution of SEM images under the operating conditions,
on the bare Si substrate between NWs in Figure 5a andthe cutoff is 5 nm in Figure 6a and 7.2 nm in Figure 6b.
between NPs in Figure 5b, indicating the absence of Pt on
Si(001). Yet, contrast can be observed on NW surfaces inis, Pt/ErSj—/Si(001) with 0.08 ML of Pt, appears more
Figure 5a. Again we would expect to see Z contrast betweenuniform than those in Figure 3a, that is, a ErgiSi(001)
Pt and ErSi_x and the contrast on the NW surface is surface without Pt. Using Fovea Pro, the surface area of each
indicative of Pt clusters on NW surfaces. NP observed in SEM images was calculated. A spherical
STM, SEM, and AFM images, as well as the areal density particle shape is assumed from which the particle diameter
of Pt deposited on Ergi,/Si(001) surfaces, indicate that Pt was then calculated. These size distributions were fitted with
clusters preferentially aggregate on Er$NWs rather than  a Lorentzian distribution function in order to obtain a full
the Si(001) substrate. This phenomenon of preferential width at half-maximum (fwhm) and thereby the variation
aggregation is not unique to this material system. Au and about the mean NP size. Using this method to analyze the
Ag deposited on phase-separated diblock copolymers pref-SEM image of Figure 3a, the mean feature size was
erentially decorate one phase of the phase-separated polymeralculated as 9.3 nm in diameter and the calculated fwhm is
surface instead of randomly distributing on both phases. 11.8 nm, which corresponds to a size variatibé3.4% of
Preferential aggregation was attributed to differences in mean diameter as shown in Figure 6a. The size distribution
interfacial energy as well as differing atomic surface diffu- from the SEM image of Figure 3d is shown in Figure 6b.
sivity of the metal atoms on the two diblock copolymer The mean feature size is calculated as 8 nm, and the
phases. These results were predicted in Monte Carlo simula-calculated fwhm is 1.8 nm, which corresponds to a size
tions and observed experimentally in transmission electron variation of+11.3% of the mean diameter over an area of
microscopy image%2° 1 um?. Data below the resolution limit of the SEM was
The morphology of nanostructures after RIE is altered by discarded. The insets of Figure 6 show the resolution limit
Pt deposition; the size and shape of NPs in Figure 3d, thatof the SEM under the operating conditions. The NP size
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