Accurate Modeling of Dark-Field
Scattering Spectra of Plasmonic

Nanostructures

Liyong Jiang,"*" Tingting Yin,*¥ Zhaogang Dong,5" Mingyi Liao,' Shawn J. Tan,® Xiao Ming Goh,®

David Allioux," Hailong Hu,' Xiangyin Li," Joel K. W. Yang, *** and Zexiang Shen

%1,

*Nanophotonic Laboratory, Department of Physics, Nanjing University of Science and Technology, Nanjing 210094, China, *Centre for Disruptive Photonic
Technologies, School of Physical and Mathematical Sciences, Nanyang Technological University, 21 Nanyang Link, Singapore 637371, °Institute of Materials Research
and Engineering, A*STAR (Agency for Science, Technology and Research), 3 Research Link, Singapore 117602, ISchool of Physical and Mathematical Sciences,
Nanyang Technological University, 21 Nanyang Link, Singapore 637371, and “-Singapore University of Technology and Design, 8 Somapah Road,
Singapore 487372. IL.J,, T.Y., and Z.D. contributed equally to this work.

ABSTRACT Dark-field microscopy is a widely used tool for measuring the optical
resonance of plasmonic nanostructures. However, current numerical methods for simulating
the dark-field scattering spectra were carried out with plane wave illumination either at
normal incidence or at an oblique angle from one direction. In actual experiments, light is
focused onto the sample through an annular ring within a range of glancing angles. In this
paper, we present a theoretical model capable of accurately simulating the dark-field light
source with an annular ring. Simulations correctly reproduce a counterintuitive blue shift in
the scattering spectra from gold nanodisks with a diameter beyond 140 nm. We believe that
our proposed simulation method can be potentially applied as a general tool capable of
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simulating the dark-field scattering spectra of plasmonic nanostructures as well as other dielectric nanostructures with sizes beyond the quasi-static limit.
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ocalized surface plasmon resonances

(LSPRs)' 3 on metallic nanostructures

have enabled the optical field en-
hancement in sub-diffraction-limited vol-
ume that leads to a host of intriguing
applications.* 8 Over the past few decades,
simple metallic nanostructures with various
shapes,”' as well as coupled metallic nano-
structures, such as dimers,'' '3 trimers,'*">
nanoshells,'® nanomatryushkas,”'18 clus-
ters,'*?° and nanostars,?’ have demon-
strated optical characteristics arising from
the fundamental, higher-order, and com-
plex coupled optical states of LSPR.'’>22*
Current techniques for characterizing their
optical properties consist of dark-field
scattering,'®'*'>'%1?  photoluminescence
(PL),">'82" electron energy-loss spectros-
copy,'*?* two-photon-induced plasmon
emission spectra,”® and scanning near-field
optical microscopy.?’*® Among these tech-
niques, the dark-field scattering spectrum
(DFSS) is arguably the simplest approach,
with its capability to measure the purely
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scattered optical states of LSPR for indivi-
dual metallic nanostructures.

Essentially, DFSS, in either reflection or
transmission mode, is measured under the
oblique incidence condition with an annular
light source. However, an accurate model
capable of simulating DFSS has not been
thoroughly investigated. For example, cur-
rent numerical methods for simulating DFSS
are normally carried out with the uniform
plane wave illumination with either normal
or oblique incidence condition from one
direction,?®*3*® where these numerical
methods will have the following limitations.
First, simulations under the normal inci-
dence condition are usually applied for
plasmonic nanostructures with sizes below
the quasi-static limit," and significant de-
viations between DFSS experiments and
simulations might be observed for plasmo-
nic nanostructures with sizes beyond the
quasi-static limit.® Such deviations are due
to the retardation effects,>' which will be-
come more pronounced for those relatively
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large nanostructures when using an objective lens with
a high numerical aperture (NA).3? Furthermore, al-
though simulations with plane wave illumination under
oblique incidence conditions are able to consider the
retardation effects, obvious deviations between experi-
ments and simulations would still appear when study-
ing the size-dependent DFSS of plasmonic nano-
structures. This deviation is due to the incident angle
used in conventional simulations under oblique inci-
dence conditions that is usually fixed at one specific
value, while the real incident angle near the focal plane
of the DF light source is varied within a certain range.
These limitations make the experimental DFSS for
nanostructures with sizes beyond the quasi-static limit
lack reasonable microscopical explanations. Therefore,
a development of an accurate model for simulat-
ing DFSS is in demand from the application point
of view.

In this paper, we present a simulation approach that
constructs an annular light source to closely match the
DF light source used in DFSS measurements. This
approach was then used to analyze the optical char-
acteristics of gold nanodisks with diameters ranging
from 80 to 200 nm, which is beyond the quasi-static
limit. The simulation results of DFSS based on our
approach agree well with the experimental observa-
tions. In comparison, if the simulations were carried
out by using the conventional approach with plane
wave illumination under either the normal or oblique
incidence conditions, significant deviations with
respect to the experimental results were observed.
We believe that our simulation method could be
potentially applied as a general tool capable of
acquiring accurate DFSS from both metallic and di-
electric nanostructures with sizes beyond the quasi-
static limit.

RESULTS AND DISCUSSION

We consider a typical reflection-mode DF scattering
system, as illustrated in Figure 1a. Experimentally, the
incident white light is focused onto the sample surface
through a condenser lens with an annular aperture,
where the backscattered light is collected by an objec-
tive lens in a confocal setup. We would like to mention
that the annular aperture's size in experiment is much
larger than incident wavelengths, and the DF beam is
different from the typical Bessel optical beams.>® The
working distance of the confocal system is denoted as
fo. The outer and inner NA of the condenser lens is
NAouter and NA; ner respectively. The NA for the collec-
tion objective lens is denoted as NA,,. Figure 1b shows
the polarization characteristics of the optical beam as
focused on the sample surface through a condenser
lens with an annular aperture. It shows that when the
linearly x-polarized light is passing through the con-
denser lens, the focused light will be divided into
p- and s-polarized beams at oblique incidence with
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respect to the x—z and y—z planes, respectively. In
order to simulate the real DF scattering system, a DF
light source was constructed by using two confocal
Gaussian beams with designed spot sizes (i.e., Doyter =
2400 nm and Djner = 1952 nm) and different NA. In
addition, these two optical beams also have a phase
shift of 7. In the overlapping region, these two beams
will experience a destructive interference (see Figure S1
in the Supporting Information). As a result, an annular
light source (i.e, the DF light source) will be con-
structed. Moreover, in our simulation, we mimic the
annular light source by using two superposed Gaussian
beams, where the electric fields are partially truncated
at the square boundary. Although the truncation may
bring slight deviations in generating an ideal circular
annular light source, such a truncation error is still
acceptable for the purpose of simulating the DF illumi-
nation (see Figure S1c). A power monitor with a finite
width is put near the source plane for detecting the
backscattered light to simulate a collection objective
lens with a particular NA.

As an example, Figure 1c shows the spatial distribu-
tion of the free-space Poynting vector in the x—z plane
for a DF light source (NAgyter = 0.99, NA;ner = 0.985,
NA o = 0.9) at the wavelength of 532 nm. We observed
a clear destructive interference (see Movie S1) in the
overlapping area of the two confocal Gaussian beams
and a focal spot with a long focal length in the free
space (see Movie S2). The focal center is about 620 nm
away from the source plane. The zoom-in profile, as
shown in Figure 1d, indicates that the estimated full
width at half-maximum (fwhm) of the focal spot is
about 220 nm. In addition, it clearly shows the varia-
tion of Poynting vectors with different incident angles
within the range of the focal spot. Moreover, the
detailed distributions of absolute amplitude and in-
cident angle of Poynting vector P along the x-direction
on the focal plane are calculated as shown in Figure 1e/f,
respectively.

In experiment, gold nanodisks were fabricated on
SiO,/Si substrates through electron-beam lithography
(EBL) and lift-off processes (see Methods). Figure 2
presents both the experimental and theoretical inves-
tigations on the optical characteristics of the gold
nanodisks with the diameter D ranging from 80 to
200 nm, as shown in Figure 2a. Figure 2b shows the DF
microscopy images of these samples, where the nano-
disks with a diameter larger than 80 nm are hard to be
distinguished from their colors. Figure 2c presents the
measured DFSS of these samples with NA., of 0.9
(100x), and it shows the red shift of the main funda-
mental peaks (denoted as “F”) when D is increased
from 80 to 140 nm, where this peak looks symmetric
with a Lorentzian profile.

When D increases further from 160 to 200 nm, the
experimental DFSS shows complex responses. First, the
entire spectrum gradually broadens and becomes
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Figure 1. (a) Modeling of a typical reflection-mode DF scattering system. Angles 1 and 2 are the outer and inner incident
angles of the DF condenser lens with numerical apertures of NA,yter and NAj, e respectively. Angle 3 represents the
collection angle of the objective lens. (b) Schematic for the polarization feature of the optical beam as focused onto the
sample through a condenser lens with an annular aperture. (c) Simulated distributions of the Poynting vectors in the x—z
plane for a DF light source (NAgyier = 0.99, NA; her = 0.985) at the wavelength of 532 nm. The linearly x-polarized light is
generated by two out-of-phase Gaussian beams, represented by S(¢) and S(¢+) at z = 0, respectively, and the optical beams
are focused onto Au nanodisks on the SiO,/Si substrate. The backscattered light is collected by a power monitor with a well-
defined width. (d) Zoom-in profile of the Poynting vector distributions near the focal plane. (e) Absolute amplitude
distributions of the Poynting vector and its components along the x-direction (y = 0, z = —620 nm). (f) Corresponding
incident angle distributions of the Poynting vector along the x-direction.

overall blue-shifted. Second, besides the fundamental
peak “F”, a high-order peak (denoted as “H") and one
series of a minor peak (denoted as “B") begin to appear.
The peak “B” located at around 450 nm is likely due to
the bulk absorption of Au film.>* Figure 2d presents the
corresponding simulated scattering spectra based on
the proposed DFSS simulation approach. It shows that
the simulated DFSS has a good agreement with the
measured one, where the two series of main peaks, “F”
and “H”, can be clearly observed.

As a comparison, Figure 2ef presents the simula-
tion results based on the conventional approach of
using plane wave illumination at normal incidence
and oblique incidence (82°, NA = 0.99) conditions,
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respectively. There exist significant deviations be-
tween simulated and experimental results for those
relatively large nanodisks. When light is coming at a
normal incidence condition, the main deviation is that
no high-order peaks can be observed. For oblique
incidence, for either p- or s-polarization, although we
can observe both fundamental and high-order peaks,
the main deviation is that the overall spectra are always
red-shifted.

The high-order peak is due to the retardation-based
resonance excited by the horizontal components of
incident wave, where a short-range surface plasmon
polariton (SPP) mode propagates along the metallic
surface and interferes with the reflected SPP to form a
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Figure 2. (a,b) Scanning electron microscope (SEM) and DF microscopy images of gold nanodisks with diameters ranging
from 80 to 200 nm. The gold nanodisk with a diameter of 60 nm (green) was used as a reference. (c,d) Experimental and
simulated DFSS of different gold nanodisks. In both experiment and DFSS simulation, the incident light is polarized along the
diameter of gold nanodisks and the collection is unpolarized. The numerical apertures in the DFSS simulation are NA, ey =
0.99, NAinner = 0.985, and NA., = 0.9. “F”, “H", and “B"” denote fundamental, high-order, and bulk absorption peaks,
respectively. Simulation results done with plane wave illumination at (e) normal incidence and (f) oblique incidence (82°)

conditions.
standing wave in subwavelength metal structures.3>>’
The cavity resonance condition can be written as®®

ZﬂnsppD — mx 7¢ (1)
AR

Here, nspp is the effective refractive index of SPP modes.
Agr is the resonant wavelength. ¢ is the phase shift
acquired upon reflection of the SPP at the ends of
nanodisk.

The red-shifted behaviors of both fundamental and
high-order peaks in simulated results with conven-
tional approaches are well predicted by the theoretical
equations. For instance, under the normal incidence
condition, the fundamental peak is contributed by the
dipolar LSPR along the x-direction and its peak position
is determined by Mie—Gans extended fomula,*® which
indicates that the resonant wavelength of the LSPR is
always red-shifted with an increasing disk diameter
(see theoretical equations in Methods). Under the
oblique incidence condition, the high-order peak is
excited by the horizontal wave vector component.
According to eq 1, the resonant wavelength Ay is
proportional to the diameter of gold nanodisks, which
accounts for the red-shifted behavior of high-order
peaks.

The overall blue shift of the measured DFSS in
Figure 2c for those relatively large nanodisks seems
counterintuitive as compared to the theoretical results.
The reason behind such inconsistency is that the
theoretical Mie—Gans formula is applicable under the
normal incidence condition, while in practical DFSS
measurement, the incident angle at the boundary of
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the nanodisk is varied gradually with an increasing
diameter of the nanodisk (see Figure 1f). Therefore,
here we conclude that the overall blue shift is due to
the variation of the incident angle at the boundary of
gold nanodisks. Our proposed simulation approach
can well reproduce the overall blue shift in experiment
because it can naturally reproduce the variation of the
incident angle at the boundary of gold nanodisks. As a
comparison, we did more simulation based on the
conventional plane wave illumination approach to
show that the blue shift can also be reproduced if we
use varying incident angles with disk size (see Figure S2).
However, the accuracy of the whole spectra for those
relatively large nanodisks is not good enough compared
to the experimental data.

In order to gain more insights on the mode profile,
which can provide detailed information for the real
DFSS scattering process, Figure 3 presents a series of
mode analysis for the respective peaks as labeled in
Figure 2d. Figure 3a—c shows the Poynting vector
distribution (peaks 1 and 3) near the gold nanodisks.
We can find a clear backward scattering for the small
nanodisk and a strong side scattering for the larger
nanodisk. This difference actually reveals the domi-
nated scattering as induced by LSPR and the retardation-
based resonance for small and larger nanodisks, re-
spectively. Figure 3d presents the evolution of |P,|
on the top surface of nanodisks, where the boundary
component of |P,| actually represents the backward
scattering intensity and the central one denotes the
energy of light as focused onto the surface of the
nanodisk. As the size of the gold nanodisk increases,
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Figure 3. (a,b) Simulated distribution of Poynting vector energy flux |P| in the x—z plane for peaks 1 and 3 in Figure 2d.
(c) Poynting vector distribution near the sample as enclosed by a dashed box in (a) and (b). (d) Three-dimensional profile of |P,|
on the top surface of gold nanodisks for selected peaks 1—3 in Figure 2d. (e) Charge density distribution for peaks 1—3.
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Figure 4. Experimental and simulated DFSS for different gold nanodisks in Figure 2a when different NAs were considered, i.e.,
(@) NAouter = 0.89, NAjnner = 0.885, NA o = 0.75, and (b) NAouter = 0.7, NAjnner = 0.695, NA o = 0.5.

the central component will become stronger, and thus
it will give rise to enhanced bulk absorption. Moreover,
Figure 3e indicates that both fundamental and high-
order peaks exhibit a dipolar charge distribution profile
on the boundary.

Lastly, we investigated the influence of the NA for
the DFSS. First, when NAgyer = 0.89, NAjnner = 0.885,
and NA, = 0.75, only one blue-shifted fundamental
peak was observed when D is from 160 to 200 nm, as
shown in Figure 4a. The reason behind this response

JIANG ET AL.

accounts for the degeneration of the retardation ef-
fects when the incident angle decreases. In other
words, the high-order peak will gradually become
degenerate and couple with the fundamental peak
to become a single peak. The simulated DFSS matches
well with the measured one under NA = 0.75 (100 x).
Moreover, when NA is decreased further, an additional
fundamental peak “F'” can be gradually observed. This
additional peak is possibly due to the enhanced con-
tribution from the vertical component of incident wave

A
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(see Figure 2e) with a decreased incident angle. As
shown in Figure 4b, the simulated DFSS is able to
reproduce the peak response in experimental results
with NA., = 0.5 (50x%). Furthermore, detailed discus-
sions on the main factors that can influence the DFSS
simulation are available in the Supporting Information
(see Figure S3).

CONCLUSION

In conclusion, we have presented an approach cap-
able of simulating the DFSS with annular light source at
the oblique incidence condition. Based on this simula-
tion approach, we have performed a comprehensive
study on the DF scattering properties of individual gold
nanodisks. It is shown that the presented DFSS model is

METHODS

Nanodisk Fabrication. The gold nanodisks were fabricated on
SiO,/Si substrates using EBL and lift-off processes. Silicon was
chosen as the substrate to avoid charging effects during the EBL
process. The thickness of SiO, was 100 nm to reduce the
plasmon damping caused by the silicon substrate. Poly(methyl
methacrylate) (PMMA) resist (950 K molecular weight, 1.67% in
anisole) from MicroChem Corp. was spin-coated at 3k rpm to be
~80 nm on SiO,/Si substrates. After the spin-coating, the
substrates were baked on a hot plate at 180 °C for 120 s. EBL
was done with the Elionix ELS-7000 system with an accelerating
voltage of 100 keV and a beam current of 100 pA. An optimized
exposure dose was used to obtain the structures we designed
for the measurements. After exposure, the samples were devel-
oped with 1:3 methyl isobutyl ketone/isopropyl alcohol devel-
oper at low temperature (—10 °C) for 15 s and then directly
blown dry with a steady stream of N,.*° Low-temperature
development of PMMA provides higher contrast and pattern
resolution. Metal deposition was then performed using an
electron-beam evaporator (Explorer Coating System, Denton
Vacuum). A 30 nm thick gold layer was deposited with a 1 nm
thick Cr adhesion layer. The working pressure during the
evaporation was below 5 x 10~ Torr. The temperature of the
sample chamber was kept at 20 °C during the entire evapora-
tion process, with the sample holder rotating at a rate of 50 rpm
to ensure the uniformity of deposition. Lift-off was done
by immersing samples in N-methylpyrrolidone solvent at an
increased temperature of 65 °C.

Optical Measurements. Dark-field scattering spectra of the gold
nanodisks were measured on a confocal Raman microscopy
system (WITec CRM200). The scattering spectra were dispersed
by a 150 lines/mm grating and detected using a TE-cooled CCD
(Andor DV 401-BV-351). A high-resolution spectrograph
(0.55 nm/pixel) allows peak positions of scattering to be accu-
rate within £1 nm. During the dark-field scattering measure-
ment, the sample was illuminated by a halogen lamp (15 V,
150 W, 3150 K) that served as the white source. The light was
focused and collected through a Zeiss Epiplan DF objective lens
with different NA. To get a good signal/noise ratio, we set the
integration time in scattering measurements to 20 s. The final
scattering spectra were calculated based on the method in
previous work."?

Numerical Simulations. Simulation of scattering spectra of gold
nanostructures was completed on the software platform FDTD
Solutions (Lumerical Solutions, Inc.) based upon the three-
dimensional finite-difference time-domain (FDTD) method.
The structural parameters of gold nanostructures for modeling
were set according to the size measured from SEM images.
To get close to real experiments, the SiO,/Si substrate was
considered in the simulation. The Cr adhesion was not included
in the simulations for simplification. The complex dielectric
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able to accurately reproduce the counterintuitive scat-
tering response as the measured one for gold nano-
disks with diameters larger than 140 nm, where
conventional approaches using plane wave illumina-
tion at normal/oblique incidence conditions suffer
from the obvious discrepancies between experiments
and simulations. The critical advantage of our pro-
posed approach is its ability to reproduce the complex
variation of Poynting vector distribution at the bound-
ary of the samples, which accounts for the sensitive
scattering of those relatively large samples. The accurate
DFSS approach proposed in this work can be widely
applied for other noble metal nanostructures and even
high-index dielectric nanostructures to predict their
unique and complex optical scattering properties.®

constants for gold, SiO,, and Si were from Johnson—Christy
and Palik,*! respectively. In the dark-field scattering simulations,
the dark-field source was constructed by two Gaussian beams
with different scale in the x—y plane and a phase difference of 7.
This will result in a destructive field in the overlapping region of
two Gaussian beams. By setting a different virtual NA in the
property of Gaussian beams, a confocal dark-field light source
can be generated. A power monitor was placed 50—100 nm
above the source plane to record the power of backscattered
light. The mesh accuracy was set as 6, and an extra fine mesh
with a size of T nm in the x—y plane and 2 nm along the
z-direction was added around the gold nanostructures. A
perfectly matched layer boundary condition was set for all
three dimensions. The Poynting vector energy flux and electric
field distributions were obtained from the “frequency domain
field and power monitor”. The charge distribution was further
obtained by calculating the divergence of electric field.

Theoretical Equations. According to Gans's treatment to Mie
sx:at'(ering,38 the absorption cross section of the nanodisk (a; <
a, = as) is given by

2V 5, 2 &/P?
abs = 37 ¢m 2
Tab 3¢ j; E1+(1 = P)em/P)? + 22 @
14 &2
Py = 503 (50 — arctan 50) ®3)
S = V(@?/ai? = 1) “)
Py = Py = (1 —Py)/2 (5)

where Vis the volume of nanoparticle; &, and ¢, are the real and
imaginary dielectric constant of the gold nanoparticle; ¢, is the
dielectric constant of the surrounding medium; P;, P,, and P are
the depolarization factors along the minor (a;) and major
(a; and as) axes, respectively; &, is a parameter that depends
on the geometry of the nanodisk. Equation 2 indicates that the
resonant dipolar LSPR along the a, axis occurs when ¢, is equal
to —(1 — P,y)em/P,. Since & is negative and is inversely prop-
ortional to wavelength and —(1 — P,)e/P; is proportional to
a,/a,, an increasing ratio of a,/a; will lead to a red shift of the
resonant wavelength for the dipolar LSPR.
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Movie S1: Focusing progress of the DF light source in the
x—y plane (MPG)
Movie S2: Focusing progress of the DF light source in the
x—z plane (MPG)
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