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ABSTRACT: The strength of localized surface plasmon
resonance (LSPR) near-field interactions scales in a well-
known, nearly universal manner. Here, we show that
embedding resonators in an anisotropic dielectric with a
large permittivity can substantially increase coupling strength.
We experimentally demonstrate this effect with Si nanowires
containing two phosphorus-doped segments. The near-field
decay length scaling factor is extracted from in situ infrared
spectral response measurements using the “plasmon ruler”
equation and found to be ca. 4—5 times larger than for the
same resonators in isotropic vacuum or Si. Discrete dipole
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approximation calculations support the observed coupling behavior for nanowires and show how it is affected by the resonator
geometry, carrier density, and embedding material (Si, Ge, GaAs, etc.). Our findings demonstrate that equivalent near-field
interactions are achievable with a smaller total volume and/or at increased resonator spacing, offering new opportunities to
engineer plasmon-based chemical sensors, catalysts, and waveguides.
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Resonant surface charge density oscillations supported by
small metallic particles, known as localized surface
plasmon resonances (LSPRs), provide a route to enhance the
sensitivity of chemical detectors,"” activity of heterogeneous
catalysts,”* and compactness of waveguides.s’6 These oppor-
tunities emerge from two key properties of the LSPR: (i) deep
subwavelength photon confinement and (ii) enhanced local
electric fields.” The near-field coupling between closely spaced
resonators enables further light focusing, stronger local electric
fields, and energy transport via dipolar coupling.*™'® Near-field
coupling interactions are a strong function of resonator size and
separation,'~"* with larger resonators and/or shorter inter-
resonator distances resulting in stronger coupling. However,
these are conflicting requirements for many applications: large
electric fields are often desired in the smallest possible
footprint. Obtaining the largest local electric fields also
necessitates that neighboring resonators be separated by
nanometer, or even subnanometer, gaps, and this degree of
precision continues to be challenging in high-volume
manufacturing environments.

The near-field coupling strength of dipolar LSPRs can be
determined (in the quasi-static limit) by analyzing far-field
spectral response measurements with the so-called “plasmon
ruler” equation,'”~"* which describes the relationship between
absorption peak position and resonator spacing:
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where @, is the peak absorption frequency for an isolated
resonator of length L, and w is the peak absorption frequency
for two resonators of length L separated by a distance S. A is a
dimensionless constant of proportionality. 7 is known as the
decay length scaling factor, a dimensionless parameter that
describes the rate at which the electric field decays away from
the surface of each resonator. Larger values of 7 indicate longer
electric field decay lengths and stronger near-field coupling
interactions. Previous work supports the validity of eq 1 for
coupled dipolar LSPRs in purely isotropic (e.g., nanoparticles
dispersed in solution)'>~"" as well as anisotropic (e.g.
patterned metal particles on a substrate) dielectric environ-
Most importantly, 7 is found to be nearly
independent of nanoparticle size, shape, metal, and surrounding
dielectric.'"***™*” Closely spaced sphere, disk, and pyramid
dimers composed of either Au or Ag all exhibit 7 values in the
0.2—0.3 range. Hence, the LSPR near-field decays over a
distance about one-fifth to one-third of the resonator size.””’

Doped semiconductors are promising plasmonic materials
for applications in the mid- to near-infrared spectral
regime.”* ™" We previously demonstrated mid-infrared LSPRs
supported by fully and partially doped Si nanowires synthesized
by the bottom-up vapor—liquid—solid (VLS) technique.”~**
The programmability of the axial dopant profile presents
unique opportunities to both manipulate and understand near-
field coupling interactions in doped-semiconductor nanostruc-
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tures. Here, we combine in situ infrared spectroscopy and
discrete dipole approximation (DDA) calculations to character-
ize the coupling of doped Si resonators embedded along the
length of Si nanowires. We show, relative to previous reports, a
ca. 4—5 times enhancement in LSPR near-field decay length.
This behavior emerges from a synergy between the nanowire’s
structural anisotropy and intrinsic Si’s large permittivity in the
infrared.

Figure la displays representative scanning electron micro-
scope (SEM) images of epitaxial Si nanowires containing one
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Figure 1. Red-shift of absorption frequency for coupled LSPRs in Si
nanowires. (a) Side view SEM images of representative Si nanowires
following a buffered oxide etch treatment to determine doped segment
geometry (AR = 0.8) and separation distance (130, 100, 70, 40, and 0
nm). Scale bar: 100 nm. (b) Spectral response measurements of the
longitudinal LSPR mode for arrays of the Si nanowires shown in (a).

or two phosphorus-doped segments. These images are taken
following a buffered oxide etch (BOE) treatment that reveals
resonator placement and dimensions. All resonators exhibit a
length of 100 nm, which corresponds to an aspect ratio (AR) of
0.8. Figure 1b displays in situ spectral response measurements,
acquired immediately after growth and before BOE treatment,
for the nanowire arrays in Figure la. As described in the
Methods, these measurements are sensitive to LSPRs with
dipoles oriented along the nanowire length (i.e., longitudinally).
Si nanowires containing a single doped segment exhibit a single
LSPR absorption feature centered at 2088 cm™ (),
consistent with a carrier density of 2.7 X 10*° cm™. Similar
to previous reports'>~'* and as expected from dipole—dipole
coupling theory,""** the absorption peak position for
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neighboring resonators (@) red-shifts with decreasing resonator
separation distance (S).

We use the plasmon ruler equation, as shown in Figure 2, to
determine the decay length scaling factor (7) for our embedded
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Figure 2. Determination of decay length scaling factor. Experimental
absorption peak frequencies and doped Si resonator separation
distances are extracted from Figure 1, as shown in the inset, and
plotted according to a linearized form of eq 1. 7 can be extracted from
the slope of these points. Error bars are for one standard deviation.
Linear fits to calculated absorption peak frequencies (see spectra in
Figures S1 and S2) for doped Si segments embedded in nanowires,
isotropic vacuum, and isotropic Si are shown as dotted lines.

resonators. Equation 1 is linearized, and the ® values from
Figure 1 are plotted accordingly. We find that the value of 7,
which can be extracted from the slope, is 1.4 for this resonator
geometry and carrier density. Consistent with these data,
calculations yield an absorption peak red shift as resonator
spacing decreases (Supporting Information, Figure S1) and a 7
value of 1.7. However, as seen in Figure 2, LSPRs supported by
doped Si resonators placed in an isotropic dielectric that is
either vacuum or intrinsic Si exhibit 7 values of ~0.4
(Supporting Information, Figure S1). These values are in line
with published results for noble metals'*”” and Cu,_,S
nanodisks.”® The 7 value for coupled resonators embedded in
isotropic Si is determined from one of two dipolar resonances
(Supporting Information, Figure S2). The motivation for, and
validity of, this approach is fully described in the Supporting
Information (Isotropic Si Dielectric Environments and Figures
83-S5).

Strikingly, the nanowire structure enables an approximately
4—S5-fold increase in near-field decay length. For nanowires, the
structural anisotropy and large permittivity of intrinsic Si (n =
3.4) lead to a strong concentration of the electric field in the
volume between adjacent resonators (Supporting Information,
Figure S6a). This behavior greatly enhances the near-field
coupling strength. For equivalent resonators placed in an
isotropic vacuum (Supporting Information, Figure S6b) or
isotropic Si (Supporting Information, Figure S6c), the largest
field enhancements occur near the resonator corners, which
prevents the same degree of coupling. In both the nanowire and
isotropic Si cases, the resonators are axially separated by a high
permittivity medium (i.e., Si). However, in the latter case, the
presence of intrinsic Si in the radial direction results in an
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image dipole that counteracts and defocuses the field.*"”*° As
shown in Figure 3, and expected from the preceding discussion,
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Figure 3. Maximum field enhancement for coupled Si resonators as a
function of resonator separation in a Si nanowire, isotropic vacuum,
and isotropic Si. The corresponding electric field enhancement maps
are shown in Figure S6. The star at a separation distance of 60 nm
indicates the approximate field enhancement obtained in the vacuum
cut-out of the nanowire shown in Figure S7. To match the dimensions
of nanowires obtained experimentally, calculations are performed for
cylindrical nanowires with a diameter and length of 130 and 950 nm,
respectively.

resonators embedded in nanowires yield local fields stronger
than resonators in an isotropic vacuum for the same spacing.
While the maximum enhancement for isotropic vacuum
asymptotes at ~10 for resonator separations above 50 nm,
resonators embedded in a Si nanowire separated by a distance
of 200 nm still support enhancements near 90.

DDA allows us to explore the role of nanowire structure on
near-field interactions. We determine 7 values for doped Si
resonators embedded in GaAs (n = 3.2), Si (3.4), and Ge (4.1)
nanowires, or an isotropic vacuum, as a function of the
resonator aspect ratio and carrier density. We choose these
materials since the VLS growth of nanowires is possible for
each.”””® Figure 4a shows that small AR resonators yield the
largest decay length scaling factors. This behavior is expected
from the plasmon ruler equation (i.e., as L decreases at constant
S, 7 must increase) and has been observed for Au nanorods.*®
Resonators embedded in nanowires amplify this effect due to
their anisotropic structure. Figure 4b shows that increasing
carrier density yields larger 7 values. Coupling increases because
the plasma frequency (@,), and therefore the polarizability, of
each resonator increases with carrier density.’” Figure 4a and b
also show that 7 increases with the permittivity of the
embedding nanowire material.***

The benefits of enhanced decay length scaling factors
become clear when considering the needs of devices that
leverage near-field plasmon interactions such as waveguides,
chemical sensors, and photodetectors. Maximizing the inter-
action strength, and thereby the distance over which energy can
be transported, is critical for subwavelength waveguides.*”*'
More specifically, ohmic losses demand as few plasmonic
resonators as possible per unit waveguide length. A 4—5 times
larger near-field decay length, as observed here, allows a 4—5
times increase in inter-nanoparticle distance and, therefore, a
concomitant increase in energy transport distance. Calculations
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Figure 4. Calculations of near-field decay length scaling factor for
nanowires as a function of resonator (a) aspect ratio (for n = 3 x 10%°
cm™) and (b) carrier concentration (for AR = 0.8). Red squares,
orange diamonds, and green circles represent doped Si resonators
embedded in Ge, Si, and GaAs nanowires, respectively. Open black
squares represent equivalent doped Si resonators in an isotropic
vacuum. Calculations are performed for cylindrical nanowires with a
diameter and length of 150 and 1500 nm, respectively.

are currently under way in our laboratory to quantitatively
understand and predict the performance (e.g, propagation
length) of subwavelength-doped nanowire waveguides.

Our results also show how anisotropic structures, such as
nanowires, can improve the sensitivity and reduce the physical
size of plasmon-based chemical sensors and photodetectors. As
discussed above (Figure 3), nanowires offer higher local electric
fields, and therefore sensitivities, for the same resonator
spacing. Alternatively, anisotropy can relax the precision
required of the fabrication process (e.g, lithography and
etching),'”'® since it provides the same local electric field at
larger resonator spacing. For example, as shown in Figure Sa,
resonators of the same geometry (AR = 1.6) separated by 100
nm in a Si nanowire and 20 nm in an isotropic vacuum yield the
same maximum local field enhancement. Increasing resonator
length can also strengthen local electric fields, but this increases
overall device size. Figure Sb shows that doped Si resonators
separated by a segment of intrinsic Si achieve field enhance-
ments equivalent to that of 60% larger resonators in an
isotropic vacuum.

It should be noted that optically active materials must be
placed in, or molecules must access, the region of highest
electric field (i.e, inside the intrinsic Si separating the doped
segments) for photon and chemical detectors, respectively. VLS
is well equipped to insert thin layers of other photoactive
semiconductors,”~** and recent work shows a new route to
embed silicides.** Selective etching can enable the small radial
cut-outs necessary for mass transport into and out of the high-
field region.*® The introduction of a cut-out consisting of a low-
permittivity medium (e.g., gas) will reduce the magnitude of the
field enhancement, as seen in Figure S7. Nonetheless, for this
structure, as indicated by the star in Figure 3, the maximum
electric fields located in the cut-outs exceed those for the same
resonators embedded in an isotropic medium by ~8 times.

The small differences in the decay length scaling factors
determined from experiment and simulation (Figure 2) are also
worthy of discussion. We attribute this behavior to the
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Figure S. Advantages of structural anisotropy. Calculated electric field
enhancement maps for the longitudinal mode of cylindrical doped Si
resonators each with a carrier concentration of 2.7 X 10*° cm™>. (a)
Equivalent field enhancement magnitudes (~100) are calculated
between two resonators with AR = 1.6 separated by 20 nm of vacuum
and 100 nm of Si. (b) Equivalent field enhancement magnitudes
(~30) are achieved between two resonators of AR = 1.6 (length = 240
nm) separated by vacuum and AR = 1.0 (length = 150 nm) separated
by Si.

nonidealities of semiconductor nanowire growth via the vapor—
liquid—solid technique. A small amount of sidewall deposition
(<10 nm) cannot be ruled out and will produce an image
dipole that damps the LSPR.*"*® This behavior reduces near-
field coupling strength, as seen for coupled resonators
embedded in Si nanowires with S and 10 nm intrinsic Si shells
(Supporting Information, Figure S8). Notably, VLS growth
likely yields a shell whose thickness depends on axial position
(due to the concurrent elongation of the nanowire) and/or
contains additional carriers (due to PCl; decomposition on the
sidewall). Nonetheless, careful control of nanowire structure
will be crucial to obtain the highest near-field coupling
strengths.

We have experimentally shown that the near-field decay
length scaling factor determined using the plasmon ruler
equation for doped Si resonators embedded in Si nanowires
exceeds the well-known “universal” value for noble metals in
the UV/visible by 4—5 times. The anisotropic structure of
semiconductor nanowires and large permittivity of intrinsic Si
in the infrared underlies this behavior. Our findings ofter several
new design options for plasmon-based detectors, catalysts, and
waveguides. In addition, our results indicate that use of the
plasmon ruler to measure nanoscale distance, without ensuring
that the dielectric environment is truly isotropic, may lead to
experimental errors.

B METHODS

A Si (111) substrate (El-Cat, FZ, 15—30 Q-cm, double side
polished) is cleaned by a S min immersion in 10% HF (J.T.
Baker) and subsequently rinsed in deionized water prior to
insertion into an ultra-high-vacaum (UHV) chamber.*” The
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substrate is degassed at 700 °C for 1 h and then flash-annealed
at 1200 °C for 30 s under vacuum. After cooling the substrate
at a rate of less than 2 °C/s, a thin film of Au (ESPI Metals,
99.999%) is deposited at a rate of ~1 A/min using a high-
temperature effusion cell (SVT Associates). Si nanowires
containing one or two doped segments, each 100 nm in
length, are then fabricated using the VLS technique in a two-
step process. In the first step, Au film breakup and nanowire
nucleation is accomplished by ramping to and holding the
substrate temperature at 620 °C while maintaining Si,Hg
(Voltaix, 99.998%) at a pressure of 4 X 107 Torr for 2 min.
Nanowire areal densities and mean diameters of ~1 nanowire/
um? and 130 nm are obtained using this procedure. In the
second step, the substrate temperature is lowered to 470 °C
with the Si,Hy partial pressure fixed at 4 X 107> Torr. These
conditions result in a nanowire growth rate of ~4 nm/min.
Each phosphorus-doped segment is encoded by introducing
PCl; (Strem Chemicals, 99.999%) at a partial pressure of 3 X
107 Torr for 25 min. PCl; does not strongly impact nanowire
growth rate.”® Precursor partial pressures are not corrected for
ion gauge sensitivity.

We measure the far-field absorption spectra of as-grown
nanowire arrays at room temperature immediately following
growth under vacuum using in situ infrared spectroscopy
(Bruker, Vertex 70).>>"** Unpolarized light from a standard
SiC globar source is combined with a KBr beam splitter and a
liquid nitrogen-cooled HgCdTe detector to collect spectra
between 700 and 3600 cm™'. All spectra are recorded with a
resolution of 4 cm™, at an incidence angle of 58° to access the
longitudinal LSPR mode, and are baseline corrected using a
concave rubberband method. After synthesis and spectral
response measurement, nanowire arrays are removed from the
UHYV system and treated with BOE (J.T. Baker 7:1) solution to
reveal doped segment geometry. Nanowire morphology before
and after BOE treatment is examined using a Zeiss Ultra 60
field-emission scanning electron microscope.

The spectral responses of the doped Si nanowires are
simulated within the discrete dipole approximation using the
FLTRCD method available in the DDSCAT 7.3 code.™
Nanowires are modeled as ideal cylinders with overall and
doped segment dimensions matching experiment, and the
incident electric field is polarized along the nanowire axis (ie.,
longitudinally). Single nanowire calculations are appropriate for
this investigation since array areal densities are sufficiently low
(~1 nanowire/um*) such that inter-nanowire LSPR inter-
actions can be neglected.31 The refractive indices (1) and
extinction coefficients (k) of undoped and doped Si segments
are obtained from Palik** and an extended Drude model*
respectively. Unless otherwise noted, a grid spacing of 10 nm is
used in all calculations and a conjugate gradient iteration is
completed until achieving an error tolerance below 107°.
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