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Abstract. This work thoroughly investigates gold nanowires with various cross-sectional geometries and patterns. The study has determined the effect of the cross section aspect ratio on its
maximum optical enhancement. The plasmonic optical enhancement properties of single gold
nanowires and an array of three nanowires were investigated using finite element method simulations. The results indicate a significant dependence of the optical enhancement on both the
thickness and width of the nanowires. From the simulation data, an equation for each geometry
(single and triple array) was found that relates the dimensions and incident wavelength to the
optical enhancement. These relationships can be a valuable resource while designing nanowires
to optimize the dimensions and provide the maximum possible optical enhancement. © 2015
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.9.093053]
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1 Introduction
When an electromagnetic wave is incident on a metal surface, it will cause an oscillation of the
free electron density of the metal. The oscillation of these electrons is quantized, and this quantization of plasma oscillations is called a plasmon.1 Because plasmons are a quantization of
plasma oscillations, their properties can be derived from Maxwell’s equations.2 The usefulness
of plasmons is exhibited by their ability to localize light to scales much smaller than the diffraction limit3 and amplify the magnitude of the electric field in plasmonic nanostructures to
many times more than the incident electric field. The optical response of plasmonic structures
exhibit dependence on the polarization direction,4 incident wavelength, and nanostructure geometry,3 so the maximum possible electric field amplification will vary for any given plasmonic
coupling conditions.
The importance in the proper tuning of plasmonic properties becomes apparent in the wide
variety of possible applications for plasmonic devices, such as enhanced photovoltaics,5,6 biosensing,7 surface-enhanced Raman spectroscopy,8 enhanced photodetectors,6,9–11 thermoplasmonic applications,12–14 and photothermal therapy.15–18 These applications have potentially
significant impact across many societally important issues from improved energy production
to medical treatment.
This work will investigate the effect of various cross-sectional geometries of gold nanowires
in order to maximize the achievable optical enhancement. Similar goals have been presented in
the previous work,17,19 but are more specific in scope or differ in the investigated geometry. This
work attempts to find a general relationship between nanowire cross-sectional geometry and
optical enhancement. The geometries under investigation in this work focused on typical nanowire dimensions that can be fabricated with electron beam lithography (EBL). Additionally,
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a model was created here to investigate the effects of nanogaps between parallel gold nanowires
to study the effects of gap enhancement20 as a function of various nanowire dimensions.

2 Methods
Optical studies have been performed on single nanowires and an array of three parallel nanowires
separated by nanogaps: a triple nanowire array. Finite element method (FEM, COMSOL) simulations have been used to determine the plasmonic response of metallic nanostructures to
incident electromagnetic waves. The simulations are performed in a two-dimensional (2-D)
simulation space, which approximates the nanowires as infinitely long with a rectangular
cross section. Full simulation geometry details are described in the Appendix. Substrate effects
have been approximated by using an effective medium of neff ¼ 1.25 in the space surrounding
the nanowires.8,14,21 This approximation is useful in modeling plasmonic structures fabricated
with EBL on silicon substrates with a silicon oxide layer. The material properties of gold are
applied to the nanowires and are modeled using an experimentally derived dielectric function.22
An electromagnetic wave has normal incidence to the top surface of the nanowire and is transversely polarized (the electric field is polarized across the width of the nanowire) for each simulation. Transverse polarization is used because we are varying the transverse width of the
nanowire in the model.
Each simulation reports a plot of the electric field distribution (EFD), defined as E∕E0 , where
E is the local electric field of the plasmonic nanostructure and E0 is the incident electric field.
Therefore, the EFD is the ratio of the local electric field to the incident electric field. A number
also of interest is the optical enhancement, defined as E2 ∕E20 (or the EFD squared), which is
a measure of the increase in local intensity, as intensity I is proportional to the electric field
squared: I ∝ E2 . The enhancement values reported in this work represent the maximum
enhancement value for a particular simulation, which is located in the region close to the nanowire sidewalls, as shown in Fig. 1(b).

3 Results and Discussion
3.1 Single Nanowire Width Dependence
First, the dependence of enhancement on the width of the nanowire was determined. The
enhancement spectra for various widths are plotted in the waterfall plot of Fig. 1(a). These
are the maximum optical enhancement values of a single gold nanowire as a function of the
wavelength of the light incident on the structure. Each line on the plot represents a different
simulation for a particular width. The nanowire thickness remains fixed at 15 nm and the
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Fig. 1 (a) Enhancement spectrum for nanowires of varying widths and a 15-nm thickness.
(b) Electric field distributions (EFDs) for selecting widths for λ ¼ 700 nm. The maximum EFD
achieved in these simulations was 28.5.
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Fig. 2 (a) Wavelength that gives maximum enhancement as a function of nanowire width and
(b) full width at half maximum of enhancement spectrum for each width.

width ranges from 40 to 140 nm, with a step size of 5 nm between each width. Figure 1(a) shows
that the enhancement peak shifts toward the red as nanowire width increases. Figure 1(b) is a
cross-sectional view of the EFDs to demonstrate the enhancement patterns as a function of width
for a constant wavelength of 700 nm.
Figure 2(a) plots the incident wavelength that provides the maximum optical enhancement
for a particular nanowire width. The values in Fig. 2(a) are obtained from Fig. 1(a). The simulation results in Fig. 1(a) were fitted with a first-order Gaussian function. The coefficients for
the best-fit Gaussian function were then used to determine the peak enhancement wavelength.
The results show a linearly increasing relationship. This corresponds to the fact that the transversely polarized incident light excites the transverse plasmonic mode, which oscillates across
the horizontal surfaces of the cross section. As the nanowire width increases, the transverse
plasmon couples efficiently with larger wavelengths. Figure 2(b) plots the full width at half
maximum of the broadening in the enhancement spectrum as nanowire width increases. As
can be seen from the plot, the broadening exhibits a quadratic proportionality to the width
of the nanowire. The enhancement spectral peak broadens as the width increases because
the plasmon resonance also broadens as size increases for structures that are greater than
40 nm. This is due to the larger structures having multipolar plasmons that can couple with
a broader range of wavelengths and due to additional electron damping caused by secondary
radiation from accelerated electrons.23,24

3.2 Triple Nanowire Array
The next simulations model the three nanowires in parallel separated by nanogaps. The geometry
is motivated by nanogap plasmonic structures that can be fabricated by the nanomasking technique.25 Figure 3(a) identifies the geometric parameters that were investigated for the triple nanowire array. The outer two nanowires have the same width, denoted ws , which is shorter than the
width of the center nanowire, denoted wL . Figures 3(b)–3(d) are EFDs for several unique simulations. For the three simulations shown, the incident wavelength, gap width, and nanowire
thickness remain constant at values of 700, 5, and 15 nm, respectively. The difference between
each simulation is the width of the nanowires, indicated at the top of each EFD. This figure
shows that the optical enhancement is concentrated in the gaps between the nanowires and
Journal of Nanophotonics

093053-3

Vol. 9, 2015

Downloaded From: http://nanophotonics.spiedigitallibrary.org/ on 01/21/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

Saylor et al.: Investigation of maximum optical enhancement in single gold nanowires. . .

(a)

5 nm

E
k

15 nm
wS
ws = 40 nm

wL

wS
= 700 nm

wL = 70 nm

(b)

20+

wL = 90 nm

= 700 nm

(c)

= 700 nm

(d)

EFD (E/E0)

ws = 20 nm

ws = 20 nm

wL = 70 nm

0

Fig. 3 (a) Triple nanowire array cross-section geometry showing the incident light direction and
polarization (b–d) EFDs of triple nanowire arrays with various geometries. The maximum EFD
achieved in these simulations was approximately 37.24.
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also at the corners of each nanowire. Another observation of significance is the substantial difference in gap enhancement for varying nanowire widths, such as seen between Figs. 3(b) and 3(d).
In this case, a substantial increase [from Figs. 3(d) to 3(b)] in optical enhancement is seen for
a difference in ws of only 20 nm.
Figures 4(a)–4(d) plot the maximum optical enhancement for each unique ws and wL combination for incident wavelengths of 600, 700, 800, and 900 nm. The width ws ranges from 10 to
90 nm while wL ranges from 40 to 140 nm, both with a step size of 10 nm. The intensity profile
follows a roughly negative linear pattern for all wavelengths. The negative linear relationship
shown in Fig. 4 [and also Fig. 5(b)] could be due to a plasmonic coupling between the nanowires
resulting in an effective overall width of the array structure.
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Fig. 4 Maximum enhancement of triple nanowire array as a function of w s and w L for four different
wavelengths. The maximum enhancement achieved in these simulations was approximately
1387.
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Fig. 5 (a) Maximum enhancement at optimal w L as a function of w s . (b) w L that gives maximum
enhancement as a function of w s for triple nanowire array. Data points are individual simulation
results, and the line is fitting obtained from Eq. (3).

Figure 5(a) plots the maximum optical enhancement that was obtained as a function of ws .
The peak of the optical enhancement curves strongly shifts to higher ws for increasing wavelength and reaches a maximum value of approximately 1387 for a wavelength of 700 nm.
Figure 5(b) plots the wL that provides the maximum optical enhancement as a function of
ws , which shows a linear relationship. The range of points plotted differs for each wavelength
due to shifts in the enhancement patterns that can be shown in Figs. 4(a)–4(d). The slope values
obtained for 600, 700, 800, and 900 nm wavelengths are −0.900, −0.982, −0.976, and −0.867
with vertical intercept (bi ) 72, 113, 147, and 173 nm, respectively. In order to develop a general
equation to determine the optimal wL for maximum enhancement based on wavelength and ws ,
a general function
wL ¼ fðws ; λÞ

EQ-TARGET;temp:intralink-;e001;116;245

(1)

was considered. Based on the similarity in slope between each line, and the roughly linear relationship between their vertical intercepts, the general function can be rewritten as
wL ¼ mws þ bL ðλÞ;

EQ-TARGET;temp:intralink-;e002;116;190

(2)

where m is the average slope of the enhancement for each spectra and bL ðλÞ is calculated from
the vertical intercept values bi . The vertical intercept as a function of wavelength is given by
bL ðλÞ ¼ ðΔb∕ΔλÞλ þ C, where ðΔb∕ΔλÞ ¼ 0.0337 and the constant C ¼ −126.5 nm is
extrapolated from observed values. Substituting the calculated values into Eq. (1), one obtains
wL ¼ −0.931ws þ 0.337λ − 126.5 nm:

EQ-TARGET;temp:intralink-;e003;116;116

(3)

The solid lines in Fig. 5(b) are plots of Eq. (3) for each wavelength. Equation (3) is a useful
result that can be used to design a structure with appropriate parameters (wL , ws , or λ) to
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maximize the optical enhancement of a gold nanowire array if the other two variables are
defined. As can be shown in Fig. 5(b), Eq. (3) is a good estimation of the optimum value
of wL for the plotted data.

3.3 Thickness Dependence
Next, the effects of nanowire thickness were investigated. Figure 6 displays simulation results in
the form of EFDs, each corresponding to a different nanowire thickness. For each simulation, the
wavelength and nanowire width remain constant: λ ¼ 700 nm and w ¼ 100 nm. These plots
show that there is a significant difference in the optical enhancement as the thickness changes,
as can most clearly be seen between the EFDs for nanowire thicknesses of 5 and 11 nm. This is
potentially due to effects of vertical plasmonic modes26 that oscillate vertically along the side
surfaces of the cross section of the nanowire.
Figures 7(a)–7(d) correspond to simulations of a single nanowire, and plot the maximum
optical enhancement as a function of nanowire thickness and width for incident wavelengths
of 600, 700, 800, and 900 nm. The slope of the maximum enhancement line changes between
each wavelength, though it remains positive in each case. Additionally, as wavelength increases,
the maximum enhancement at lower nanowire thickness shifts toward larger widths.
Figure 8(a) plots the thickness that provides the maximum enhancement as a function of
width, similar to how Fig. 5(b) demonstrated this for widths. Again, the range of points on
each line is limited by the range that was calculated and due to shifts in the enhancement pattern
that can be shown in Figs. 7(a)–7(d). Figure 8(a) more clearly demonstrates the shift in the slope
of the enhancement pattern between each wavelength. The slope values obtained for 600, 700,
800, and 900 nm wavelengths are 0.285, 0.167, 0.099, and 0.079, respectively. Using the
same method as for the first equation, the first step in developing a general equation is
EQ-TARGET;temp:intralink-;e004;116;435

t ¼ fðw; λÞ;

(4)

where t is the nanowire thickness that will produce the maximum enhancement for a specific
nanowire width w and incident wavelength λ. Since the slope is different for each wavelength,
it must be represented as a function of wavelength rather than an average
t ¼ mðλÞ · w þ b;

(5)

EQ-TARGET;temp:intralink-;e005;116;368

where b is an intercept interpolated from the data. The slope as a function of wavelength is given
by: mðλÞ ¼ ðΔm∕ΔλÞλ þ C, where ðΔm∕ΔλÞ ¼ −0.0007 and the constant C ¼ 0.674 is
extrapolated from observed values. Combining the above values with Eq. (5) yields
"
!
1
· λ þ 0.6735 · w þ bi nm:
t ¼ −0.0007
(6)
nm
EQ-TARGET;temp:intralink-;e006;116;301

In Eq. (6), bi is a constant that differs between wavelengths, and is adjusted between −1 and
5 nm to fit Eq. (6) to the data. The solid lines in Fig. 8(a) are plotted using Eq. (6). Another useful
k

Thickness = 5 nm

8 nm

11 nm

14 nm

17 nm

20 nm

20+

EFD (E/E0)

E

0

= 700 nm

Width = 100 nm

Fig. 6 EFDs of single nanowires of varying thickness. The maximum EFD achieved in these
simulations was approximately 78.4.
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Fig. 7 Maximum optical enhancement as a function of width and thickness for a single nanowire
for four different wavelengths. The maximum enhancement achieved in these simulations was
approximately 6147.
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Fig. 8 (a) Thickness that produces maximum enhancement as a function of width. (b) Maximum
enhancement at the optimal thickness as a function of width.

relationship between t, w, and λ has been determined. This result can be used to optimize the
design parameters to maximize the optical enhancement of a single gold nanowire. Figure 8(b)
plots the maximum enhancement for each width, where the thickness is the one that provides the
highest enhancement for the given width. The plot shows that the maximum optical enhancement
peak shifts to the right for increasing wavelength, in a fairly consistent step size of ∼25 nm. The
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enhancement reaches a maximum value of approximately 6147 for a wavelength of 700 nm for
the specific thickness and width ranges.

4 Conclusions
This work investigated the optical enhancement properties of gold nanowires using a 2-D FEM
analysis. For a nanowire with constant thickness of 15 nm, a relationship between wavelength
and cross-sectional width has been determined for transversely polarized incident light. A relationship has been determined [Eq. (3)] for three parallel gold nanowires. Finally, a thorough
investigation of the dependency of optical enhancement on nanowire width and thickness
has been completed. The relationship between these parameters has been found for the tested
geometries [Eqs. (3) and (6)] and can serve as a useful tool to researchers as they design and
fabricate plasmonic nanostructures.
As the control provided by various nanostructure fabrication methods advances, it will
become increasingly necessary to appropriately tune the geometry of plasmonic nanostructures
in order to maximize their effectiveness in any given application, as has been demonstrated in the
previous work.17,19 Therefore, as future research continues to push the fabrication of plasmonic
nanostructures, the relationship between nanowire thickness and width will be a valuable
resource.

Appendix: Simulation Details
Simulation geometry is shown in Fig. 9. The nanowire is at the center of the 2-D simulation
space and the cross section is shown. The top edges of the cross section of the nanowire are
beveled to provide a closer approximation to an actual nanowire fabricated with EBL.
Surrounding the nanowire is a circle of radius 1100 nm, split into two distinct layers: the
far-field domain, an 800-nm radius inner layer, the perfectly matched layer (PML), a 300-nm
outer layer. The far-field domain represents the air through which the electromagnetic wave
propagates before it interacts with the nanowires. The effective medium, neff , is applied to
the far-field domain to model the properties of air along with the substrate.

E
PML

k

Au
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Fig. 9 Schematic of the simulation geometry.
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