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P
lasmonics offers a route to confine
electromagnetic waves into deep-
subwavelength volumes. While con-

ventional metals are traditionally leveraged
for this purpose,1�3 semiconductors are now
receiving increased attention.4�6 Unlike the
fixed carrier densities of metals, semiconduc-
tors enable modulation of charge carrier den-
sity via chemical doping, electrostatic gating,
and/or optical excitation.7 This capability
opens the door to tuning localized surface
plasmon resonance (LSPR) frequency and
absorption strength, with new opportunities
inapplications suchasphotothermal therapy,8

smart windows,9 chemical sensing,10 and
information processing.11,12 Si-based mate-
rials offer the additional advantages of
elemental abundance and extensive pro-
cessing know-how.
Robust control of carrier density profile is

critical for harnessing the near-field effects
extensively studied for metal nanoparti-
cles,13�16 and which serve as the basis of

ultrasensitive spectroscopy,17 compactwave-
guides,2 nonlinear optical enhancements,18

and even catalysis.19 When two LSPR-
supporting nanoparticles are brought into
close proximity, tremendous local electric
field enhancements are generated between
them. The strength of such near-field inter-
actions, and thus themagnitude of the local
field enhancement, inversely depends on
interparticle separation (above the quan-
tum regime).20 Nanoparticle dimensions,
and thus interparticle spacing, are easily
defined for metals since the carrier density
profile is uniform throughout. However, the
“dimensions” of a plasmonic semiconductor
nanoparticle will also depend on its carrier
density profile. Thus, to engineer near-field
interactions in plasmonic semiconductor
nanoparticles, it is imperative to understand
and control the factors governing the place-
ment and activation of dopant atoms.
Vapor�liquid�solid (VLS) synthesis�

where a liquid catalyst droplet collects
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ABSTRACT Spatial control of carrier density is critical for

engineering and exploring the interactions of localized surface

plasmon resonances (LSPRs) in nanoscale semiconductors. Here,

we couple in situ infrared spectral response measurements and

discrete dipole approximation (DDA) calculations to show the impact

of axially graded carrier density profiles on the optical properties of

mid-infrared LSPRs supported by Si nanowires synthesized by the

vapor�liquid�solid technique. The region immediately adjacent to

each intentionally encoded resonator (i.e., doped segment) can exhibit residual carrier densities as high as 1020 cm�3, which strongly modifies both near-

and far-field behavior. Lowering substrate temperature during the spacer segment growth reduces this residual carrier density and results in a spectral

response that is indistinguishable from nanowires with ideal, atomically abrupt carrier density profiles. Our experiments have important implications for

the control of near-field plasmonic phenomena in semiconductor nanowires, and demonstrate methods for determining and controlling axial dopant

profile in these systems.
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atoms from the vapor and directs crystallization of
the solid21�23�permits the incorporation of multiple,
axially registered doped segments, and thus LSPRs,
along the length of individual nanowires.24 This meth-
od allows for reasonable control of dopant profile by
temporally modulating dopant precursor (e.g., PCl3 for
phosphorus doping of Si nanowires24) delivery, but
axial gradients are common and limit the plasmonic
design space for nanowires.25 Such behavior is most
often explained with the so-called “reservoir effect,”
where atoms in the finite volume growth catalyst
continue to incorporate into the nanowire even after
precursor flow ceases.26�29

In the present work, we show the impact of axially
carrier density gradients on the spectral response of
Si nanowires containing multiple resonators. In situ

infrared spectral response measurements and scatter-
ing simulations within the discrete dipole approxima-
tion (DDA) are a powerful method to study these
effects.30 A considerable residual carrier density re-
mains in the spacer segment between intentionally
encoded resonators that yields unexpected spectral
features and modifies near-field interactions. A reduc-
tion of substrate temperature during spacer segment
growth can mitigate these effects. We use this ap-
proach to fabricate Si nanowires with spectral re-
sponses indistinguishable from those of nanowires
with ideal, atomically abrupt carrier density profiles.
In addition to studying the optical properties of doped
Si nanowires, our methodology is useful for probing
complex carrier density profiles that can be challeng-
ing for transport measurements, electron holography,
Kelvin force probe microscopy, and scanning photo-
current microscopy.31�34

RESULTS AND DISCUSSION

Figure 1a shows a series of experimental spectral
response measurements for arrays of Si nanowires
containing 0 to 5 “primary” (i.e., intentionally encoded)
resonators. Our prior work shows that the carrier
density of resonators fabricated in this manner is near
2.3 � 1020 cm�3 and that the observed spectral
features result from resonant absorption, rather than
scattering.30 Representative SEM images of Si nano-
wires after buffered HF etching are displayed in the
Figure 1a inset and reveal the geometry of each
resonator. All aspect ratios appear the same within
the limits of this etching technique. As expected, a
single absorption band is observed for Si nanowires
containing one primary resonator. However, the ab-
sorption features for Si nanowires containing 2 to 5
resonators exhibit a pronounced asymmetry consis-
tent with multiple, convoluted peaks.
We simulate the spectral response of the longi-

tudinal LSPR to further understand this behavior.
Figure 1b shows calculated absorption efficien-
cies for Si nanowires with 0�5 primary resonators

(NP = 2.3� 1020 cm�3) with intrinsic “spacer” segments
(NS = intrinsic). Our simulations predict, consistent with
the scattering of metal particles arranged in 1-D
chains,35 a monotonically increasing absorption inten-
sity and redshift of the absorption maximum as the
number of primary resonators increases. The substan-
tial redshift observed in Figure 1b (Δν1�5 = 347 cm�1)
suggests strong near-field coupling for this system,
as expected due to the large dielectric constant of

Figure 1. Comparison of experimental and expected Si
nanowire spectral responses for the longitudinal LSPR.
(a) Experimental spectral response for an array of Si nano-
wires containing 0�5primary resonators. Primary resonators
and spacer segments are grown at a substrate temperature
of 540 �C. Inset: Side view SEM images of representative
nanowires following a buffered oxide etch treatment
to determine doped segment geometry. (b) Calculated
absorption efficiency for individual Si nanowires containing
0�5 primary resonators (NP = 2.3 � 1020 cm�3) and intrinsic
spacer segments (NS = intrinsic Si). (c) Integrated absorption
efficiencies from the spectra in (b) normalized according
to eq 1.
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intrinsic Si and anisotropic dielectric environment of
the nanowire geometry.30 The effect of adding an
additional resonator can be quantified, as shown in
Figure 1c, by normalizing the integrated absorption
efficiency according to eq 1:

Îj, n ¼ Ij, n
Ij, 1n

(1)

where Ij,n and Îj,n are the measured and normalized
integrated intensity of the jthmode for nanowires with

n primary resonators, respectively. While there is only
onemode in Figure 1b, and thus no need to distinguish
between multiple modes, this definition is useful for
the subsequent discussion. Notably, Figure 1c shows
that each additional resonator (1�5) provides an
increasingly smaller absorption enhancement, despite
adding the same number of additional charge carriers.
We attribute this behavior to the proximity of the
doped segments, where a neighboring segment
acts to lower the overall dielectric function of the

Figure 2. Effect of spacer segment carrier density on longitudinal LSPR. Calculated longitudinal mode absorption efficiencies
for individual Si nanowires containing 0�5 primary resonators (NP = 2.3� 1020 cm�3) with spacer segments exhibiting carrier
densities (NS) of (a) 0.5, (b) 1.0, and (c) 1.5� 1020 cm�3. The high (labeled “ωP”) and low (labeled “ωS”) frequency absorption
modes are largely attributed to the “primary” and “spacer” segments, respectively. E-field enhancement maps and
polarization vector plots of the P and S mode at each value of NS are shown for the case of 5 primary resonators, and
determined at the absorption efficiencymaximumof eachmode. Themagnitude of the E-field enhancement is indicated by a
green-to-red gradient.
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surroundings. A constant increase in absorption en-
hancement would be expected for doped segments
with larger spacing. The simulated spectral response
for the transverse LSPR (Supporting Information,
Figure S1) exhibits additional complexity. However,
its contribution to the experimental spectra is negli-
gible, as its absorption efficiency is an order of mag-
nitude lower than that for the longitudinal LSPR.
As shown in our previous work, the optical proper-
ties of undoped Si and the nanowire's anisotropic
dielectric structure produce an image dipole that
strongly damps the transverse LSPR.30 We include
these data for the transverse LSPR here and below
for completeness.
We hypothesize that the differences observed

between Figure 1a and 1b result from dopant profiles
in our fabricated Si nanowires that are less abrupt than
the ideal profiles used in the simulation. To explore this
possibility, we numerically investigate nanowires with
primary resonators separated by spacer segments with
nonzero carrier densities. Figure 2 displays calculated
absorption efficiencies and electric-field enhancement
maps for the longitudinal LSPR with 0�5 primary
resonators (NP = 2.3 � 1020 cm�3) and NS values of
0.5, 1.0, and 1.5 � 1020 cm�3. Two distinct absorption
features are present in all cases. The high (labeled “ωP”)
and low (labeled “ωS”) energy modes result from
absorption predominantly arising from the primary
resonators and spacer segments, respectively. Both
modes redshift and increase in intensity as the number
of resonators increases. The frequency and absorption
strength of the S mode also increases concomitantly
with spacer segment carrier density. The transverse
LSPR remains weak for any number of primary resona-
tors (Supporting Information, Figure S2).
The complex dielectric structure of the doping

superlattices contained in these nanowires also leads
to other, less obvious behavior. Figure 3 displays the
normalized integrated intensity of each mode (i.e.,
P and S) as per eq 1. Analogous to that observed for
nanowires with intrinsic spacer segments (Figure 1c),
Figure 3a indicates that the values of ÎP,n are incremen-
tally smaller with each additional resonator. More
importantly, the extent of this effect increases as a
function of spacer segment carrier density (NS). We
attribute this behavior to changes in the dielectric
function of the spacer segments at the frequency of

the P mode.36 For intrinsic spacer segments, the real
part of Si's dielectric function, εS (where the subscript
'S' denotes the spacer segment), is 11.6 and indepen-
dent of frequency in the infrared. In this situation,
the intrinsic Si strongly polarizes and enhances pri-
mary resonator coupling. However, εS decreases as NS

increases at the frequency of the Pmode. For example, εS
= 5.2 for a spacer segment with a carrier density of
1.0 � 1020 cm�3 at ωP = 2139 cm�1. The reduced
polarizability of the spacer segment hinders coupling,

as seen in the electric-field enhancement maps of
Figure 2, and reduces Pmode absorption strength. ÎP,n
drops most quickly upon adding the first few resona-
tors (e.g., from n = 1 to 2), as most easily seen for NS =
1.5� 1020 cm�3. This effect stems from the substantial
changes in dielectric environment upon transitioning
from that of purely intrinsic Si to one that is partially
doped. Figure 3b shows that ÎS,n increases as a func-
tion of resonator number, indicating enhanced cou-
pling of the spacer segments. This effect is the inverse
of that discussed above for the P mode. In other
words, εP increases at the frequency of the S mode

as NS increases.
We next model the spacer segment as two do-

mains with stepped carrier densities to more accu-
rately capture the behavior seen in our experiments.
Figure 4 displays simulations of absorption efficiency for
Si nanowires with 0�5 primary resonators (NP = 2.3 �
1020 cm�3) separated by two 10 nm spacer segments
(20 nm total) with carrier densities of NS1 = 1.5 �
1020 cm�3 and NS2 = 0.5 � 1020 cm�3. The trends
observed as a function of primary resonator number
are consistent with the experimental data in Figure 1a
and provide strong evidence that the interfaces be-
tween undoped and doped segments exhibit graded
carrier densities for our standard growth conditions.
We attribute these axial carrier density gradients to
the “reservoir effect.” As illustrated in Figure 5a,
upon terminating dopant precursor flow, the concen-
tration of dopant atoms inside the catalyst (i.e., the
reservoir) must be depleted. Recent studies indicate

Figure 3. Normalized absorption strength. Integrated
absorption efficiencies of the (a) P and (b) S modes from
the spectra in Figure 2 normalized according to eq 1 for
individual Si nanowires containing 1�5 primary res-
onators (NP = 2.3 � 1020 cm�3) with spacer segments
exhibiting carrier densities (NS) of 0.5, 1.0, and 1.5 �
1020 cm�3.
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that these concentrations can be quite high (0.3 at. % P
in an AuGe eutectic at 380 �C).37 Residual atoms are
incorporated into thenanowire aselongation continues,
leading to an axial compositional gradient whose
characteristic length is proportional to nanowire diam-
eter and dopant atom concentration in the growth
catalyst.25,26

A modified growth protocol, where the spacer
segment is grown at a lower substrate temperature,
minimizes the observed carrier density gradients. As
displayed in Figure 5b, we use substrate temperatures
of 540 and 465 �C for segment growth with and
without PCl3 flow, respectively. Figure 6 shows that
the experimental spectral responses for Si nanowires

synthesized in this manner exhibit single peaks that
redshift as the number of primary resonators in-
creases. The agreement between these data and our
simulations of nanowires with ideal dopant profiles
(Figure 1b) indicates a substantial reduction of resid-
ual phosphorus in the spacer segment and improve-
ment in profile abruptness. The mechanism by which
dopant atoms inside the catalyst (i.e., the reservoir)
are depleted is beyond the scope of this work, but
may occur via accelerated injection into the solid
nanowire, ejection onto the nanowire sidewalls,38 or
evaporation to the gas phase.39 While a residual
phosphorus concentration in the spacer segment
may still be on the order of 1018 cm�3, and undetect-
able with the current approach, carrier densities
below 1 � 1019 cm�3 do not significantly impact
Si's dielectric function in the infrared.36 Hence, we
refer to resonators fabricated using the modulated
temperature growth process as “optically abrupt”
since the spectral response of these nanowires is
indistinguishable from nanowires with ideal carrier
density profiles.

CONCLUSION

We characterize the effect of graded carrier densi-
ties on the LSPRs of phosphorus-doped Si nano-
wires with a combination of experimental spectral
response measurements and DDA simulations. A
reduction of substrate temperature immediately fol-
lowing primary resonator fabrication improves carrier
density profile and enables optically abrupt spectral
responses. The understanding and control of nano-
wire doping demonstrated here is particularly impor-
tant for future applications leveraging near-field
interactions, such as optical interconnects and

Figure 6. Demonstration of optically abrupt resonators.
Experimental spectral response for an array of Si nanowires
containing 0�5 primary resonators. Primary resonators
and spacer segments are grown at a substrate temperature
of 540 and 465 �C, respectively. Inset: Side view SEM
images of representative nanowires following a buffered
oxide etch treatment to determine doped segment
geometry.

Figure 5. Schematic of single- and two-temperature nano-
wire growth protocols. (a) At high substrate tempera-
ture, phosphorus atoms remaining in the catalyst after
termination of PCl3 flow continue to incorporate into the
nanowire. (b) A reduction of substrate temperature during
spacer segment growth improves carrier density profile
abruptness.

Figure 4. Effect of stepped carrier density profile. Cal-
culated absorption efficiencies for individual Si nano-
wires containing 0�5 primary resonators (NP = 2.3 �
1020 cm�3) and spacer segments with a two-step carrier
density gradient (NS1 = 1.5 � 1020 cm�3, NS2 = 0.5 �
1020 cm�3).

A
RTIC

LE



CHOU ET AL. VOL. 9 ’ NO. 2 ’ 1250–1256 ’ 2015

www.acsnano.org

1255

molecular detection.3,40 Our findings also suggest
control of spacer segment carrier density as a route

to dynamically modulate LSPR coupling and spectral
response.

MATERIALS AND METHODS

Experimental protocols are similar to our previous work41,42

and briefly summarized here. A Si(111) substrate (El-Cat, FZ,
15�30 Ω-cm, double side polished) is initially cleaned in HF
(J.T. Baker, 10%) for 5 min and rinsed in deionized water prior
to insertion into a custom-built ultrahigh vacuum (UHV) cham-
ber. Pressures are not corrected for ion gauge sensitivity.
The substrate is resistively annealed at 700 �C for 1 h and then
flashed to 1200 �C for 30 s in vacuum. A thin film of Au (ESPI
Metals, 99.999%) is thermally evaporated at a rate of 1 nm/min
after cooling to room temperature at a rate of approximately
2 �C/s.
Nanowire arrays are grown using the VLS technique in a two-

step process. During the “incubation step,” which includes Au
film break up, Ostwald ripening, and initial nanowire nucleation,
the substrate temperature is ramped to and held at 620 �Cwhile
maintaining a 4 � 10�5 Torr Si2H6 (Voltaix, 99.998%) partial
pressure for 5 min. Nanowire array areal densities near
1 nanowire/μm2 are obtained with this procedure. To initiate
the “elongation step,”where nanowires are grown and encoded
with one or more phosphorus-doped segments, the substrate
temperature is lowered to 540 �C at a rate of 3 �C/s at constant
Si2H6 partial pressure. Phosphorus-doped segments are gener-
ated by introducing PCl3 (Strem Chemicals, 99.999%) at a partial
pressure of 3 � 10�6 Torr. Between each doped segment, as
described in the main text, the substrate temperature is either
maintained at 540 �C or reduced to 465 �C. Nanowire growth
rates are approximately 9 and 5 nm/min at 4 � 10�5 Torr Si2H6

and substrate temperatures of 540 and 465 �C, respectively. PCl3
partial pressures as high as 3.0 � 10�6 Torr do not strongly
impact nanowire growth rate.41

The extinction spectra of as-grown nanowire arrays are
measured in situ at room temperature using infrared spectros-
copy (Bruker, Vertex 70) with a transmission geometry. Unpo-
larized light from a SiC light source is used in combinationwith a
liquid nitrogen-cooled HgCdTe detector and a KBr beam splitter
to collect data between 700 and 3400 cm�1 with a resolution of
4 cm�1. All spectra are recorded at an angle of incidence of 58�
to probe the longitudinal LSPR absorptionmode. As the absorp-
tion strength of the transverse LSPR is more than an order of
magnitude weaker than the longitudinal LSPR (Supporting
Information, Figure S1), the measured spectral response is
almost entirely due to the longitudinal LSPR. Spectra are sub-
sequently processed by subtracting those recorded at 0� and
baselined with a concave rubberbandmethod. To reveal doped
segment geometry, nanowire arrays are etched in buffered HF
(J.T. Baker, 5:1) solution for up to 3 min after spectral response
measurement and removal from the vacuum system. Nanowire
morphology is examined using a Zeiss Ultra-60 field-emission
scanning electron microscope (SEM).
Doped Si nanowire spectral response is simulated within

the discrete dipole approximation (DDA) using the DDSCAT
7.3 code, analogous to that described previously.30 The LATTDR
method utilized here yields results effectively equivalent to
those from GKDLTR and FLTRCD (Supporting Information,
Figure S1). The spectral response, local field enhancement,
and polarization vector map for a longitudinally applied electric
field are calculated for individual, cylindrical nanowires with
overall dimensions matching those of as-synthesized nano-
wires, specifically a length of 650 nm and diameter of 130 nm.
Simulations of individual nanowires are appropriate for the
present work since inter-nanowire coupling is negligible for
arrays with low areal densities (∼1 nanowire/μm2). All “primary”
(i.e., intentionally encoded) resonators are modeled with
carrier densities, NP, of 2.3 � 1020 cm�3 and lengths of 50 nm.
Each primary resonator is separated by a 20 nm spacer region.
The carrier density of the “spacer” region, NS, is varied as
described in the main text. Each nanowire is simulated using

a total of 8905 dipoles with a periodic grid spacing of 10 nm. The
refractive indices (n) and extinction coefficients (k) of bulk Si as a
function of carrier density are obtained from Palik and an
extended Drude model.36 A conjugate gradient iteration is
applied until the error tolerance is below 10�5. Lorentzian peak
fits are completed with Origin 9.0.
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