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ABSTRACT

The interaction between light and reduced-dimensionality silicon attracts significant interest due to the possibilities of designing nanoscaled
optical devices, highly cost-efficient solar cells, and ultracompact optoelectronic systems that are integrated with standard microelectronic
technology. We demonstrate that Si nanowires (SINWs) possessing metal-nanocluster coatings support a multiplicatively enhanced near-field
light-matter interaction. Raman scattering from chemisorbed probing molecules provides a quantitative measure of the strength of this enhanced
coupling. An enhancement factor of 2 orders of magnitude larger than that for the surface plasmon resonance alone (without the SINWs)
along with the attractive properties of SINWs, including synthetic controllability of shape, indicates that these nanostructures may be an
attractive and versatile material platform for the design of nanoscaled optical and optoelectronic circuits.

The large enhancement of the optical near-field close to EMY to be expressed using the Loreridie formalism in

illuminated particles when the incident wavelength is reso- cy1|ndr|cal coordinatesr( 6, 2. Resonance occurs whéen
nant with natural electromagnetic eigenmodes of the particle approaches one of the natural electromagnetic modes of the
has long been recognized and proposed for numerousnanowire!® Considering a SiNW under monochromatic
applications. It has most recently been exploited in optical plane-wave excitation (without loss of generality) with the
antennas for high-bandwidth intrachip and interchip con- incident electric field-polarized parallel (TM) or perpendicu-
nections and has potential to dramatically improve the lar (TE) to the axis of the nanowire, the spatial distributions
efficiency in harvesting energy from solar radiatfoh Most of the calculated near-field |ntens|t?W |ENW|2 (see eq
research efforts have focused on excitation of the surfaces4 in §S1 of the Supporting Information) for the cases of
plasmon resonance (SPR) on metallic nanostructures, partesonant and nonresonant conditions (Figure 1) clearly
ticularly Au, Ag, and CW~*2 However, the local response demonstrate that the local field at resonance (Figure 1a) is
of nonmetallic nanostructures to electromagnetic radiation strongly confined to near the surface of the SINW with the
and its possible applications are also of considerable interestjntensity enhanced by20-fold, while the nonresonant field
due in part to the fact that dielectrics have weaker damping, (Figure 1b) is weaker by 1 order of magnitude and is
resulting in a higher efficiency in radiative transfét? delocalized over a range of hundreds of nanometers away
We demonstrate this for Si nanowires (SiNWSs) by from the surface. Compared to the surface plasmon resonance-
calculating the spatial dependence of the optical field outside enhanced  field that is  significantly  atten-
the surface of a cylindrical nanowire of radiRslluminated uated beyond a molecular-scale distance away from the
by a monochromatic plane wave of wavelengthwith metallic substraté® the resonant local field at the dielectric
arbitrary electric field polarization (see Figure S1 within 8S1 surface is expected to be much longer ranging in enhancing
of the Supporting Information). Solution of Maxwell's optical emissior/*® absorption-® optical force?° and non-
equations and application of appropriate boundary conditionslinear optical response of mesoscopic sysféiisas it
at the dielectric nanowire-vacuum interface (eq s1 in 8S1 of extends over tens of nanometers (Figure 1a).
the Supporting Information) allows the local optical field Here we focus on the average intensity of the local field

obtalned by integration over the surface of the nano-
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Figure 1. Spatial distribution of the optical near-field in the vicinity of a SINW (calculated, cross-sectional view). Normally incident,
monochromaticA = 785 nm) plane-wave radiation of unity intensity is denoted by the black arrow. (a) Resonant scattering and (b) nonresonant
scattering for TM-mode excitation of SINWs possessing radii of 169.3 and 179.8 nm, respectively. (c) Resonant scattering and (d) nonresonant
scattering for TE mode excitation corresponding to radii of 180.2 and 208.7 nm, respectively The surface of each SINW is denoted by a
white circle, and the intensity of the internal field is intentionally set to zero for clarity. The nonresonant near-field extends to more than
300 nm from the surface, exceeding the area of the figure. The employed complex refractive index of silicon49.®691.23 The

calculated resonant responses in panels a and c are showr-f8r wheren is subscript in the scattering coefficiemsandb, as defined

in eq s2 in 8S1 of the Supporting Information.

tally by monitoring selected optical signals such as the ethanol solution of PATP (Aldrich) for 24 h. Raman-
Raman scattering from chemisorbed molecules. Using thescattering spectra of the self-assembled PATP monolayers
wavelength-dependent complex dielectric permittivity for were collected in the backscattering configuration with 632.8
Si2® calculated values of™V as functions of the Sinw M HeNe (0.8 mW) and alternatively, 785 nm diode (0.08
radiusR and of (Figure 2 reveal a series of sharp peaks MW) laser excitation focused to Gaussian spot diameters of
that arise from resonant scattering. ~1.2 and~1.5um, respectively. The incident electric field
The experimental proof of the predicted local field Was polarized perpendicular (TE), and alternatively, parallel
enhancement for SINWs is carried out by collection of the (TM) to the long axis of the tapered SiNWs. Spectra were
Raman scattering from-aminothiophenol (PATP) molecules ~ collected from a number of locations from the base to near
chemisorbed onto Au nhanoclusters (AUNCS) that form the tlp of each tapered SiNW, where the diffraction-limited
following vacuum thermal evaporation of Au onto the SINWs  Spot size limited precision of the placement of the incident
(Figure 3a). Tapered SiNWs were prepared by metal nano-beam to~ 1/2. For eacht and each nanostructure, the ratio
structure-catalyzed chemical vapor deposition as describedof Stokes-to-anti-Stokes-scattered intensity was evaluated to
elsewheré4 Au nanoclusters were formed reproducibly on ensure that no laser-induced heating occurred. All integrated
as-prepared tapered SiNWs (and on 300 nm,®i@ted intensities are the result of Lorentzian fittings of the measured
Si(100) wafers without SiINWs as blank control substrates) lineshapes. All values of enhancement reported here were
via thermal evaporation of Au. The adsorption of organic obtained from spectra collected from different locations along
molecules was carried out by immersing AuNC-coated an individual tapered SiNW; the results from the tapered
tapered SINWs (as well as control substrates) in 1 wt % SiNW presented here are representative of all tapered SiINWs
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|Em|2 chemisorbed on the AUNCs deposited on the SINW are much
larger than those for the molecules on the planar substrate
| (Figure 3d). To quantify the enhancement in the Raman
scattering associated with the local field at the surface of
the AuNCs-coated SINW, we compared the measured Raman
signal from the PATP molecules chemisorbed on the AUNCs
on the SINWs to that for bulk PATP. Normalizing to the
bulk response, the effective values of Raman enhancement
for the 1079 cm! peak are estimated to bel.4 x 10,
~5.8 x 10%, ~3.0 x 107, and~1.0 x 10 for the spectrum
collected from the planar substrate and for different locations
along the tapered SiNW, respectively, as denoted by arrows

0 T T T T T in Figure 3d. As discussed previously, this diameter-
100 200 300 400 500 dependent variation in the Raman enhancement arises from
Radius (nm) the SiNW, and it allows us to establish the contribution

Eigure 2. E\_/olution of the average intensity of the local _su_rface (QNW)4 or the local field enhanceme@NW resulting from
field of a SINW as a function of the radius and the incident the SINW. In terms of light scattering, agently tapered SiINW

wavelengthA (calculated). The calculation covers a wavelength
range from 400 to 1000 nm. The maximum integrated intensity of can be considered a chain of uniform diameter SiINWs with

the near-field is seen to increase fror8.5 atl = 400 nm to~26 continuous change in siZéthereby facilitating the studies
atA = 1000 nm for corresponding radii 025 and~320 nm, on the size-dependence of the optical near-field. Raman

respectively. Variations in the intensity of the peaks depend in part spectra collected at selected probing locations from the base

on the wavelength-dependent complex dielectric function of Si, as to near the tip of a single tapered SiNW are plotted as a

the stronger absorption of silicon for shorter wavelength tends to . - - .

dampen the resonant character. function of R in F|gure 3e. Ws npte that the variations in
response for two different excitation wavelengths< 785

and 632.8 nm, Figure 3e) are consistent with previous results

thickness of 30Qum were also collected using identical [o" the intlensity of the Raman ?cattering by optical phonons
conditions. (520 cn1Y) in the SINW aloné

In the experiments, one can describe the role of the AUNCs To compare our experimental results with theory, we recall
as signal carriers: their SPRs along with the light-scattering the prediction (Figure 2) calculated froliiw (= QNW) and
resonant field together provide an enhancement that enableslot the contributions to the calculated RE due to the SINW
probing of the local light-matter interaction at the SINW. as functions oR, along with the corresponding experimental
The total field enhancement for this AUNESINW structure results, for the two excitation wavelengths, 632.8 and 785
QNW can be approximated as the product of the field nm, TM-polarized excitation (Figure 4). Similar results were
enhancement from AuUNC8,, and that from the SINW  obtained for TE-polarized excitation (see Supporting Infor-
QNW that is QNW = Qau(Q™)? with the SINW enhancing ~ mation, Figure S2). Because the experimental results shown
both the excitation of and the scattered radiation from the involve a normalization of the RE for PATP from Au-
AUNCs (see 8S2 of the Supporting Information). Because modified SiNWSs to that for the molecules from Au-modified
an enhanced field will also result in an increased polariza- planar silicon REW/RE, our analysis also accounts for the
tion for the Raman-shifted frequency, the enhancement forimaging effect of the planar substral@';(’"/QZ')4 (see §S2
the Raman-scattering intensity of PATP is proportional to of the Supporting Information). As seen in Figure 4, the
the square of the field enhancement, \E= (QNW)2 = diameter- and wavelength-dependences in our model calcula-
(Qau )Z(QNW)4 15 Therefore, by factoring out the contribution  tions agree well with the experimental data.
to the Raman enhancement arising from the SPR of the There is some disagreement, however, between the model
AUNCs(@Qau)? one can assess the contnbut@HY")“' that calculations and the experimental results. For example, the
is, the field enhancemer[D arising from the SINW. latter do not exhibit the undulations witRthat are seen in
Thus, the intensities of the measured Raman scattering frorrthe former. This may be due to one or more factors, including
PATP chemisorbed onto AUNCs evaporated onto the taperedcrystalline defectd] surface roughnes8,and differences
SiNW are normalized to that from PATP on identically between our model description of the incident radiation and
prepared AUNCs evaporated onto a bulk crystal Si wafer that for a realistic lasef, and that of the multiple scattering
under identical conditions, as shown in the scatter points in between the AuNCs and the SiNW. Although a refinement
Figure 4. The samples probed are as-grown tapered SiNWsof the model or a different model approach could be
possessing an average apex angle-6f and length of~25 developed to better address the electromagnetic interaction
um (Figure 3d) coated by thermally evaporated AuNCs of between the tapered SINW and AuNE#e essential overall
average size 15.% 5.0 nm with a nanocluster number agreement verifies the light-scattering resonance-enhanced
density on the order of+10' cm™2 (Figure 3b-d) onto nature of the local field at the surface of the tapered SiNW.
which a monolayer of PATP is deposited, resulting in an  The extra enhancement in the Raman scattering by
estimated molecular number density-a?.56 x 10 cm 2.2 chemisorbed molecules along with the model calculations

The measured Raman scattered intensities for PATPpresented here suggest a new paradigm for the use of

studied. Raman-scattering signals from bulk PATP with a
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Figure 3. Raman-scattering measurements. (a) Schematic of experimental setup. The Raman spectra of PATP molecules that self-assemble
onto Au nanocluster-coated and tapered SiNWs are collected in the backscattering geometry with TE and alternatively TM-polarized incident
radiation. (b) A representative transmission electron micrograph (collected using a JEOL-2010F) of Au nanocluster-coated tapered SiNW;
the scale bar is 100 nm. This, along with other TEM (not shown), confirms that the density of the Au nanoclusters is on the~di@ér of

cm~2 for each of the regions of the tapered SiNWs probed. (c) Histogram of the size of the Au nanoclusters. (d) Raman spectra of PATP
collected from the planar substrate and various locations along the tapered SINW as denoted in the figure using 785 nm laser excitation.
The inset is a scanning electron micrograph (obtained using Amray 1850FE) of a portion of the Au nanocluster-coated tapered SiNW; the
scale bar is Zzm. (e) Evolution of the Raman enhancement for the PATP molecules chemisorbed onto Au nanocluster (Au NC)-modified
SiNWs as a function of the radius of the SiINWs collected using 632.8 (open circle) and 785 nm (solid square) with TM-polarized incident
laser excitation as detailed in the main text. The estimated enhancements in the Raman scattered intensities for the molecules chemisorbed
on the Au nanocluster-modified planar Si substrate-~ates x 10° and~1.4 x 10 for 632.8 and 785 nm light, respectively.
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Figure 4. Comparison of calculated and experimentally observed enhancement. Results shown are for TM-polarized excitation of wavelengths
(a) 632.8 and (b) 785 nm (for results for TE excitation see Supporting Information, Figure S2). The experimental results shown (color,
scatter) were obtained by normalizing the Raman enhancement of PATP chemisorbed onto the Au NCs/SiNW to that for the molecules on
Aul/planar Si, REW/REP!. The calculated results shown (color, solid black line) were obtained by normalizing the calculated light-scattering
resonance-induced enhancement arising from tapered SiNWSs to the enhancement resulting from the imaging effect of the planar silicon,
(Q’S\fW/Q:')4 (see Supporting Information, §S2).
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uniform-diameter and tapered SiNWs as nanoantennas to (6) Xu, H.; Kall, M. Phys. Re. Lett. 2002 89, 246802.

capture, confine, and enhance an optical signal, particularly
in the visible range. Significantly, the control of shape and

of surface morphology may permit rational design of

functional nanostructured material systems with selected
spectral and spatial electromagnetic scattering signatures
thereby expanding opportunities for the design of Si-based
nano-optical devices and ultracompact optoelectronic circuits.
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