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1. Simulation methods 

Simulations of nanowire spectral response were accomplished within the discrete dipole 

approximation (DDA) using the DDSCAT 6.1 code.1-4 Isolated Si resonators as well as those 

embedded in nanowires were approximated as a collection of point dipoles periodically arranged 

into cylinders (Supporting Information, Figure S1). The response of each point dipole under the 

influence of an incident electric field (E-field) and neighboring dipoles was computed self-

consistently by coupling complex-conjugate gradient and fast-Fourier transform methods.2 

Spectral extinction (Qext), absorption (Qabs), and scattering (Qscat) efficiencies (i.e., the far-field 

properties) as well as E-field enhancement and polarization vectors (i.e., the near-field 

properties) were then calculated from these responses. The polarization dependence of the 

spectral response was determined for applied E-field polarizations as shown in Figure S1. 

Alignment of the applied E-field along the y-axis and x-axis provides access to the longitudinal 

and transverse excitations, respectively. 
 Dipoles located in undoped and doped segments were assigned appropriate optical 

constants (i.e., n and k values). Figures S2(a) and S2(b) show plots of n and k, respectively, from 

2 to 20 µm (5000 to 500 cm-1) taken from Palik and used for all undoped segments (i.e., CdS, 

CdSe, GaP, GaAs, Si, and Ge).5 The optical constants for doped Si segments were determined 

via the Drude model, which has been widely utilized for this purpose,5-7 and can be expressed as: 

 (1-1) 

where ε∞ (~11.7) is the dielectric constant of pure Si,8 ω is the incident light frequency, ωp is 

bulk plasma frequency, and γ is scattering time. As tabulated in Table S4, values for the bulk 

plasma frequency and scattering time were calculated as a function of carrier density, Ne, via:  

 (1-2) 

 (1-3) 

where q is elementary charge, me is effective mass, and µe is the electron mobility. me and µe are 

well known as a function of Ne for Si and also included in Table S4.5,9 Figures S2(c) and S2(d) 

show the n and k values, respectively, calculated for doped Si. The similarity of theses values 

with those from Palik at carrier densities below 1020 cm-3 supports the application of the Drude 

model for carrier densities above 1020 cm-3.  
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An error tolerance (TOL) less than 10-3 and a periodic dipole grid spacing of 10 nm were 

selected to optimize simulation accuracy and computational cost. All nanowires with embedded 

doped segments contained a total of 8905 dipoles – 13 in the radial direction and 65 in the axial 

direction – to best match the experimentally synthesized nanowire morphology (i.e., ltotal = 650 

nm and d = 130 nm). To ensure that this grid spacing was appropriate for the resonators studied 

here, simulations with stricter TOL values and smaller grid spacings were also completed. Figure 

S3(a) shows the simulated extinction spectra at multiple TOL values for the longitudinal 

excitation of an embedded doped segment with an aspect ratio of 0.4 and carrier density of 2.3 × 

1020 cm-3. A residual analysis is displayed in Figure S3(b). The residual is defined as 
6Residual ( ,TOL) ( ,TOL 10 )ext extQ Qω ω −= − =  (1-4) 

where Qext(ω, TOL) is the simulated extinction efficiency as a function of frequency, ω, at a 

particular TOL value. A maximum residual of 4 × 10-5 is obtained for a TOL of 10-3, which 

supports the use of this TOL to describe our Si-based resonators. Figure S4 shows the simulated 

extinction spectra and E-field enhancement maps at dipole spacings of 3.3, 5.0 and 10.0 nm for 

the longitudinal excitation of embedded and isolated Si resonators with two different aspect 

ratios. Figure S4 reveals minimal differences in simulated extinction spectra and E-field 

enhancement for all grid spacings and both resonator geometries, which confirms that a grid 

spacing of 10 nm is appropriate here.  

 
2. Estimation of experimental absorption cross-section 

 The maximum absorption cross-section for each embedded resonator was estimated from 

in-situ infrared spectral response measurements by combining the slab model shown in Figure 

S12 with the Beer-Lambert Law:10 
*

max max max exp2.303 ( ) ( ) ( )Abs Abs OPL Nω ω σ ω⋅ = = ⋅ ⋅   (2-1) 

where Abs(ωmax) is the maximum experimental absorbance in base 10, Abs*(ωmax) is the 

maximum experimental absorbance in base e, σ(ωmax)exp is the maximum experimental 

absorption cross-section, OPL is the optical path length, N is the density of doped segments. N 

can be obtained from: 

total

S
N

l
=  (2-2) 

where S is the nanowire areal density when projected onto the plane perpendicular to the infrared 

beam, ltotal is the total nanowire length (fixed at 0.65 µm here). The optical path length (OPL) is 
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defined as the distance traveled by the incident photon through the nanowire as illustrated in 

Figure S12. For an angle of incidence of 58°, which is where the longitudinal excitation is 

maximized in our experiments, the OPL can be extracted from: 

cos(58 )
totallOPL =

°
 (2-3) 

where θ is the angle of incidence. By substituting values of N and OPL from equations (2-2) and 

(2-3), respectively, into equation (2-1), σ(ωmax)exp of any nanowire can be obtained. Values for a 

range of embedded resonator aspect ratios are extracted and tabulated in Table S3. 
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Figure S1. Simulation models of (a) embedded and (b) isolated Si resonators (i.e., doped 

segments) with an aspect ratio of 0.4. Dark and light gray colored dipoles represent doped and 

undoped segments, respectively. An applied E-field (k, a black arrow) propagating along the z-

axis can be designed with a polarization (a red arrow) along either the x- or y-direction to 

enable transverse (T) or longitudinal (L) excitation, respectively. 

 



 6 

 
 

Figure S2. Optical constants utilized for DDA simulations. (a) Refractive index, n, and (b) 

extinction coefficient, k, as a function of wavelength for intrinsic Ge, Si, GaAs, GaP, CdSe and 

CdS.5 k values below 10-6 were set to zero in the simulations. (c) n and (d) k values for doped Si 

(1 × 1018 – 5 × 1020 cm-3) as determined from the literature values tabulated in Table S4 and 

equations (1-1) to (1-3). Values of doped Si from Palik are also plotted for comparison.5 
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Figure S3. Simulation error tolerance (TOL) analysis. (a) Simulated extinction efficiencies 

(Qext) of the longitudinal excitation for an embedded Si resonator at multiple error tolerances 

(TOL = 10-2, 10-3, 10-4, 10-5 and 10-6). (b) Residual analysis as a function of frequency and TOL 

value indicates that a TOL of 10-3 provides good convergence. Doped segment aspect ratio, 

carrier density, and dipole grid spacing are 0.4, 2.3 × 1020 cm-3, and 10 nm, respectively. 
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Figure S4. Simulation dipole grid spacing analysis. (a) - (b) Calculated extinction efficiencies 

(Qext) and corresponding (c) - (d) E-field enhancement maps for the longitudinal (L) excitation 

of embedded and isolated Si resonators (AR = 0.4 and 1.8) with dipole grid spacings of 3.3, 5.0 

and 10.0 nm. Doped segments are colored grey. E-field enhancement is denoted by a red-to-

green gradient. The similarity of extinction efficiency and E-field enhancements for all dipole 

grid spacings validates the use of 10.0 nm in the present work. Doped segment carrier density is 

2.3 × 1020 cm-3 and error tolerance (TOL) is fixed at 10-3. A black arrow represents an applied 

field, E(L). 
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Figure S5. Comparison of the experimental and simulated peak broadening for the longitudinal 

excitation of embedded Si resonators with an aspect ratio of 1.8. Experimental in-situ infrared 

absorption measurement (black curve) for a Si nanowire array with an areal density of 0.6 µm-2, 

doped segment C (= PP/PSi) value of 0.05, and measured at an angle of incidence of 58°. 

Simulated absorption efficiency (Qabs, blue curve) with a doped segment carrier density of 2.3 × 

1020 cm-3.  
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Figure S6. Simulated extinction (Qext, solid black line), absorption (Qabs, red shading), and 

scattering (Qscat, green shading) efficiencies and frequency-dependent E-field enhancement 

maps of the longitudinal excitation for Si nanowires that are (a) undoped and (b) contain an 

embedded resonator with an aspect ratio of 0.4 and carrier density of 2.3 × 1020 cm-3. E-field 

enhancement is denoted by a red-to-green gradient. Absorption results from the embedded 

resonator, while scattering stems from the overall nanowire length. A black arrow represents an 

applied field, E(L). 
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Figure S7. Simulated extinction efficiencies (Qext) of the (a) longitudinal and (b) transverse 

excitation of embedded Si resonators with a range of aspect ratios (AR = ldoped/d = 0.4, 0.6, 1.0, 

1.8 and 3.6) and a fixed carrier density of 2.3 × 1020 cm-3. An undoped nanowire is included for 

comparison in both cases. Notably, the maximum extinction efficiency for the longitudinal 

excitation at each aspect ratio is more than 20 times larger than the transverse excitation. Insets: 

schematic illustration of the applied E-field for both polarizations. 
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Figure S8. Simulated absorption efficiency of the longitudinal excitation for Si resonators with 

aspect ratios of 0.4, 1.0, and 1.8 cladded by undoped Si segments of different lengths (lundoped = 

0 to 500 nm) relative to that for isolated resonators (i.e., lundoped = 0) with the same aspect ratio. 

Doped segment carrier density is fixed at 2.3 × 1020 cm-3. The smallest aspect ratio yields the 

largest increase in absorption (AR = 0.4). Nanowire diameter is fixed at d = 130 nm and doped 

segment lengths are ldoped = 50 (AR = 0.4), 130 (AR = 1.0) and 230 (AR = 1.8) nm. 
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Figure S9. Combined polarization vector and E-field enhancement maps calculated at the 

absorption efficiency maxima for the transverse excitations of embedded and isolated Si 

resonators with aspect ratios of 0.4, 1.0 and 1.8. Doped segment carrier density is fixed at 2.3 × 

1020 cm-3. Small arrows represent the vector direction and magnitude of each dipole under the 

influence of the applied E-field (denoted by a black arrow). Vector magnitude and field 

enhancement are denoted by blue and red-to-green gradients, respectively. 
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Figure S10. Simulated absorption cross-section of (a) longitudinal and (b) transverse 

excitations of Si resonators with an aspect ratio of 0.4 embedded in various undoped 

semiconductor. Doped segment carrier density is fixed at 2.3 × 1020 cm-3. The absorption 

enhancement and depression of the longitudinal and transverse excitations scales with refractive 

index, respectively, as indicated by grey arrows.  
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Figure S11. Combined polarization vector and E-field enhancement maps simulated at the 

longitudinal and transverse excitation absorption efficiency maxima for Si resonators with an 

aspect ratio of 0.4 embedded in undoped CdS, Si, and Ge segments. Doped Si segment carrier 

density is fixed at 2.3 × 1020 cm-3. Small arrows represent the vector direction and magnitude of 

each dipole under the influence of the applied E-field (denoted by a black arrow). Vector 

magnitude and E-field enhancement are denoted by blue and red-to-green gradients, 

respectively.  
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Figure S12. Schematic illustration of measurement geometry and identification of the optical 

path length (OPL). Nanowires of overall length, ltotal, are situated on a Si(111) substrate. Note 

that the substrate is only present during experiment. 
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Table S1. Comparison of experimental and simulated longitudinal excitation peak 

characteristics for embedded Si resonators as a function of aspect ratio (AR = ldoped/d): ωmax, 

maximum absorption frequency; FWHM, full-width at half-maximum; γ, collision frequency; 

QF, quality factor.  
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Table S2. Simulated longitudinal and transverse excitation peak characteristics for embedded 

and isolated Si resonators as a function of aspect ratio (AR = ldoped/d): ωmax, maximum 

absorption frequency; Qabs,max, maximum absorption efficiency.  
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Table S3. Comparison of experimental and simulated absorption cross-sections for embedded 

Si resonators as a function of doped segment aspect ratio (AR = ldoped/d) as extracted from and 

our previous work11. S, projected nanowire areal density; F, areal fill factor; N, volumetric 

nanowire density; OPL, optical path length; Abs(ωmax), maximum absorption frequency; 

σ(ωmax)exp, maximum experimental absorption cross-section. 
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Table S4. Literature values of doped Si effective mass,5 me, and electron mobility,9 µe, as a 

function of carrier density, Ne. Bulk plasma frequency, ωp, and scattering time, γ, are 

determined via the Drude model and converted to the frequency-dependent optical constants 

plotted in Figure S2.  
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