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ABSTRACT: We report here, the first experimental realiza-
tion on the selective excitation of two closely lying tips from
the same spherical core of a multitipped gold nanoparticle with
flower-like morphology. This gives strong multipeaked
resonance in the near-infrared region of the far-field emission
spectra showing a clear signature of tip to tip coupling. The
cathodoluminescence (CL) technique in a scanning electron
microscope (SEM) combined with finite-difference time-
domain (FDTD) simulation has helped us to identify the
coupled plasmon modes to be originated from the interaction
between two closely spaced tips with a narrow angular
separation. Our analysis further estimates a range of angular
separation between the tips that triggers the onset of the
intertip coupling.
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Much attention has been paid in recent years to control
and manipulate light1,2 using noble metal nanoparticles

(MNPs). The basic physical concept discussed3 mostly in this
connection is the idea of the so-called localized surface
plasmons (LSPs), which are nonpropagating excitations of
the conduction electrons in MNPs. LSP when excited
resonantly1−3 with a particular wavelength of the exciting
light or evanescent wave associated with fast-moving electrons,
shows considerable enhancement of the far-field intensity and
similar enhancement of the near-field at the surface of the
MNP, especially localized in the regions of sharp edges,4−9

corners,4−6 tips,10−12 and apex, depending on the complexity of
the morphology of the nanoparticles. The regions characterized
by highly localized and strongly enhanced electromagnetic
(EM) fields, known as plasmonic “hot spots”,12 are responsible
for large enhancements in surface enhanced Raman scattering
(SERS) signals13 and have several interesting effects, such as
enhanced fluorescence14 or enhanced photocarrier genera-
tion,15 that can have potential applications in biosensing,
photovoltaics, and single molecule detection. In this context,
multitipped (also called multipod, nanostar, or nanoflower)
MNPs, especially, gold nanostars/nanoflowers are an exciting
new class of plasmonic structures. Gold nanoflowers (AuNFs)
consist of a near-spherical core from which numerous sharp tips
of different lengths point outward. The significant tunability of
the localized surface plasmon resonance (LSPR) wavelength
over a wide range (from visible to NIR regime of the spectrum)
and the corresponding strong electromagnetic (EM) field
enhancement near apex of the tips have been utilized in many
fields including detection and diagnosis of cancer affected

cells,16 plasmon enhanced microscopy such as surface-enhanced
Raman scattering,17−19 surface enhanced fluorescence,20 photo-
electron emission,12 and photoluminescence21 studies.
Tuning the frequency of the LSPR by varying the shape, size,

and composition of MNPs as well as understanding the LSPR
coupling of individual MNP with the other closely lying
particles is a recent trend22 in the area of plasmonics research.
According to theoretical predictions,10 each LSPR mode for
single gold nanoflower (AuNF) is associated with one
individual tip and the corresponding hotspot is located at the
apex of tip assuming a wide separation among the tips so that
tip to tip interaction can be neglected. Moreover, a tip to core
plasmon coupling has also been invoked by the so-called
plasmon hybridization model.10 Most of the reported works on
individual Au nanostar/nanoflower so far has demonstrated no
tip to tip interaction.10−12,19,23 This was primarily due to the
large angular separation between the tips. However, if the
number of tips in a single nanostar increases, angular separation
between any two tips may be very small. In those cases, due to
the random orientation of the tips protruding in three
dimensions, tip−tip interaction cannot be neglected. Tip−tip
interaction with the incident EM field may modify the spectral
and spatial localization of the LSPR mode of the individual tips.
This aspect, which has far reaching consequences in designing
Au-NF morphology based SERS active substrate for maximizing
the Raman signal, has not been addressed so far to the best of
our knowledge. Consequently, experimental demonstration of
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the modification of LSPR properties in spectral and spatial
domain for closely lying tips of a single Au-NF is of utmost
importance from the perspective of light matter interaction at
the nanoscale.
Most of the studies for real-space imaging of plasmonic

resonances of MNPs utilizing optical far-field techniques
(excitation and detection in the far-field) are diffraction limited
and thus a spatial resolution with a length scale below 200 nm
is not easily achievable.24 Other well-adapted techniques to
probe LSPRs at the single NP level are photon scanning
tunneling microscopy,25 scanning near-field optical microscopy
(SNOM),26 and apertureless SNOM.27 These techniques
achieve better spatial resolution but often require fabrication
of a very delicate probe in the form of a nanoscale sharp tip and
may suffer from probe−sample interactions, distorting the
signal of interest. An excellent alternative is electron
microscopy based techniques, that is, electron energy loss
spectroscopy (EELS)4,6,28−30 and cathodoluminescence (CL)
spectroscopy.7,8,11,31−36 The high spatial resolution of about 1
nm or better for such techniques4,6,37 is mainly governed by the
ability of a modern scanning or transmission electron
microscope (SEM or TEM) to focus an electron beam down
to a diameter of 1 nm or below. The excitation mechanism of
LSP modes with an electron beam is quite different from that of
the optical excitation. An electron, or a beam of electrons,
moving in vacuum can act as an evanescent source of
supercontinuum light.1 While a light source, as employed in
dark-field microscopy (DFM),23 excites the whole volume of
the nanoparticle, a finely focused electron beam can act as a
local probe to excite plasmons. CL is very closely related to the
electromagnetic local density of states (EMLDOS) projected
along the electron beam direction.32,38,39 The working principle
of CL-SEM is that energy is coupled from energetic electrons
to the plasmon modes of the metallic nanostructure and
subsequently to the propagating light modes that constitute one
of the prominent decay channels for plasmons and causes
enhancement in near field as well as the far-field intensity.
Mapping the spatial variation of the photon emission is a direct
probe of resonant modes of plasmonic nanostructures and,
consequently, provides a direct way to map the local electric
fields.
Here, we use CL-SEM technique to demonstrate the

localization of electron beam excited plasmonic hotspots at
the tips of individual AuNF. We present a detailed study of
coupling between nearest neighbor tips originated from the
same spherical core of the AuNF. The experimental CL spectra
resulting from the electron beam impact near the apex of the
closely spaced tips match well with the spectra calculated using
finite difference time domain (FDTD) numerical method. The
calculated electric near field intensity maps along with the
associated vectorial plots of induced electric field show local
enhancement of the field distribution in the apex and nearby
region between the tips caused by the accumulation of charges
of opposite signs at the neighboring tips. This confirms tip to
tip or intertip coupling in a single gold multitipped nano-
particle, an aspect which has never been addressed before in the
case of multitipped star/flower shaped gold nanoparticles.
Furthermore, using 3D-FDTD simulations, we also show that a
narrow angular separation between the nearest neighbor tips
triggers the onset of intertip coupling.

■ RESULTS AND DISCUSSION
Observations under SEM reveal that the nanoparticles are often
aggregated in clusters (SE image in Figure 1a). However, one

can also find sporadically spread isolated single multitipped
gold nanoparticle. Representative SE image of such a single Au
nanoparticle at high magnification is depicted in Figure 1b−f
for different tilt angles (ϕ) of the sample stage (with respect to
the impinging e-beam of the microscope) to aid clear
visualization of the shape, size, and orientation of the adjacent
tips with respect to one another. During CL study, the sample
stage is restricted to be operated without tilt, and consequently,
CL experiment was performed on this Au particle without tilt
(SE image in Figure 1b). Morphologically, the single Au
particle selected here (Figure 1b) is a multitipped spherical core
from which the conical and petal shaped tips are protruding out
in three directions, resembling like a flower, and hence, we will
term this as gold nanoflower (AuNF) in the present study. In
the following, we first collect the spectral data from tips marked
as A, B, C, D, and E of the AuNF shown in the inset SE image
of Figure 2a (the same as shown in Figure 1b) where the tips A
(length and maximum diameter are 73 and 34 nm, respectively)
and C are relatively longer (C being the largest tip of length
120 nm with a maximum diameter of 65 nm) than the tips B
(length and maximum diameter are 46 and 35 nm,
respectively), D (length and maximum diameter are 40 and
30 nm, respectively), and E (length and maximum diameter are
35 and 30 nm, respectively). Figure 2a shows CL spectra taken
from apex regions of the above marked tips. The complete
spectra were taken in two different wavelength ranges, 500−
700 and 700−900 nm to make the sample not to be exposed
under e-beam for longer time so that any adverse effect by e-
beam induced drift on the spectral shift/distortion is
minimized. The CL spectrum is strongest at the resonance
peak wavelength near 736 nm in addition to the other
resonance peaks around 670, 780, and 800 nm for the e-beam
impact on the apex region of the tip A. The presence of
resonance peaks, slightly blue-shifted from 670 nm, is common
in the CL spectrum arising for the e-beam impact at the tips B,
D, and E. On the other hand, the e-beam impact at the apex of
tip C gives rise to two resonance peaks at around 860 and 590
nm. Moreover, a few weak peaks between 500 and 600 nm are
also visible in all the spectra. To extract the spatial distribution

Figure 1. (a) SEM image of chemically synthesized gold nanoflowers
in aggregates. (b) Selected isolated multitipped particle for the CL
study. (c−f) Series of HRSEM images at different tilt angles, (ϕ, with
respect to the incoming e-beam direction), confirm that two tips of
nearly equal length encircled in (b) are aligned along out-of-plane
direction with a narrow angular separation between them. The scale
bar is 200 nm.
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of the photon emission, we acquired monochromatic CL maps
at different peak wavelengths (Figure 2d−i), along with a
panchromatic CL map (Figure 2c). Bright spots in the photon
maps arise when the LSP modes are resonantly excited by the
evanescent field associated with the electron beam. Intense
luminescence is already discernible at the individual tips from
the panchromatic photon map (Figure 2c). The monochro-
matic CL image obtained at 530 nm wavelength shows
luminescent intensity when the electron beam scans over the
core region (Figure 2d). Strong light emission occurs at other
resonance wavelengths when the e-beam scans over the apex
region of the tips. The LSPR at 530 nm is close to the plasmon
mode of the spherical core.10,11,30 The monochromatic photon
maps of Figure 2d−i show that the luminescence enhancement
of the AuNF is shifted to the far ends of the longer tips with the
increase of the resonance wavelengths. This is consistent with
the spectroscopic data presented in Figure 2a, as well as with
our recent study.11 The resonance wavelength of the tip
plasmon mode depends strongly on the aspect ratio of the tip.
The observation of the red-shift of the LSPR peaks with
increasing tip length is well established both theoretically and
experimentally.10,11 Interestingly, while the photon maps
corresponding to the CL peak wavelengths 736, 780, 800,
and 868 nm (Figure 2f−i) indicate strong photon emission
from individual longer tips of the AuNF, the CL map at 670 nm
wavelength (Figure 2e) shows light emission from multiple tips,
preferably of shorter length. This is expected as the CL spectra
originating from the e-beam impact near the apex of shorter
tips (namely, B, D, and E) are overlapped and peaked more or
less near 670 nm. Moreover, the region of the spectrum beyond
670 nm is overlapped with the tail region of the strong

resonance peak at 736 nm (originating from e-beam impact at
tip A). Consequently, in the corresponding monochromatic
map at 670 nm, we also see luminescence from tip A as well,
while the e-beam scans near tip A. The resonance peaks
associated with the longer tips correspond to the low-energy
dipolar modes with plasmon oscillations confined around the
tip regions.23,40 The 670 nm peak is most probably due to the
dipolar mode of oscillation of shorter tips, which are present in
a large number near the core surface.11 The general trend of
our experimental finding is that, for all the shorter tips (B, D,
and E), the major plasmon mode (dipolar) lies in the
wavelength range 600−700 nm.
In passing, plasmonic response of a multibranched particle is

dependent on the shape, size and number of the constituting
branches/tips.10,23 However, the orientation of the tips with
respect to the substrate also plays a very crucial role on the
plasmonic properties, as demonstrated quite recently by Das et
al.11 using FDTD-based numerical simulation for a model
single tip Au nanostructure sitting on Si substrate. The study11

showed reduction in the intensity and red shift of LSPR peaks,
while the tip was moving from the parallel (w.r.t. the substrate)
position toward the substrate maintaining the e-beam excitation
on the tip apex. On the other hand, when the tip was moving
away from the substrate, the observed blue-shift of the tip LSPR
was attributed with uncoupling of the tip and the substrate
(screened by the NP core). From the inset SE image of Figure
2a, it is clear that tips B, D, and E are oriented more or less
away from the substrate as compared to the longer tips A and
C. Consequently, LSP modes corresponding to these tips are
blue-shifted w.r.t. the tips A and C modes. Also, tips B, D, and
E being shorter tips with more or less similar lengths and
diameter, their spectral peak positions lie approximately at the
same wavelength of 670 nm. For the longest tip C, which is
oriented more toward the substrate compared to the other tips
studied here, both direct near-field absorption in the substrate
and radiative emission into the substrate introduce a loss
channel for the light confined in the particle. Consequently, one
observes a broadening (i.e., damping) as well as reduced
intensity in the corresponding emission spectrum at the
resonance peak 868 nm (Figure 2a) for the electron beam
excitation of the longest tip C. We discuss below about the tip
mode A in detail.
The excitation of LSP caused by the e-beam impact at the

apex region of tip A is of particular interest. Close inspection of
the series of SEM images taken at different tilt angles (Figure
1b−f) clearly reveals that the tip A (encircled region of the SE
image in Figure 1b) is not an isolated single tip, but is
accompanied by an adjacent lower tip. While the upper tip in
the encircled portion (in Figure 1b) is approximately parallel to
the plane of substrate, the lower tip is slightly oriented toward
the silicon substrate making an angular separation (θ) between
the upper and the lower tip. It is also clear from the figures that
the two tips are nearly equal in their lengths (∼73 nm) and
aspect ratio and originated from a spherical core of diameter ∼
160 nm. The close proximity of the apex of the upper tip with
the lower one along the same vertical axis of the incoming
electron beam thus makes it highly probable that the
enhancement in the local field distribution as well as the far
field radiation due to excitation of any one of these two tips
being affected by that of the other tip. Consequently, one can
expect coupling of the modes between such closely lying tips
for e-beam impact near the region marked as A. In the
following, we will focus on the origin of the strongest resonance

Figure 2. (a) Experimentally acquired CL spectra from different tip
apex regions marked as A−E of the AuNF. The inset SEM image
shows the e-beam impact points with different colored dots. (b) The
SE image of the same AuNF and the corresponding (c) panchromatic
CL image along with the monochromatic CL maps for the selected
resonance wavelengths (d) 530, (e) 670, (f) 736, (g) 780, (h) 800, and
(i) 868 nm. The scale bar is 200 nm.
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at 736 nm followed by the other small intensity peaks using
FDTD numerical simulations. The numerical simulations were
performed using the 3D-FDTD codes (commercially available
from Lumerical Solutions). The details of the procedure have
been described in the Methods section. We have modeled our
AuNF structure as a spherical core having two conical tips
(hereafter called the two-tip model, TTM), the geometrical
configuration of which with respect to the Cartesian coordinate
system is defined in Figure 3. The two closely spaced tips

(length and aperture angle of the upper tip are 70 nm and 15°
and that of lower tip are 70 nm and 14°) are assumed to be
aligned in the XZ plane. During numerical simulation, the
modeled e-beam is injected to the apex of the upper tip, as
shown schematically in the inset of Figure 4a. The calculated
emission spectrum (black curve in Figure 4a) with the
resonance peaks at 733 and 786 nm matches reasonably well
with the experimentally acquired CL spectrum (red curve in
Figure 4a) having resonance peaks at 736 and 780 nm. It is also
interesting to compare the emission spectra calculated with and
without the Si substrate, as displayed in Figure 4b. The
presence of the silicon substrate does not affect the LSPR peak
positions (Figure 4b). However, the peak intensity is altered a
bit. Hence, for numerical resource limitations, subsequent
simulations are performed without the Si substrate unless
mentioned specifically.
To understand further the effect of the individual upper and

lower tip orientation separately on the spectrum, the spectrum
was calculated assuming a single tip model (STM). The
individual spectrum calculated for the e-beam impact on upper
tip only shows LSPR at 744 nm, whereas for the e-beam impact
on lower tip only shows resonance at 754 nm. Interestingly, the
intensity for the upper tip is ∼1.3 times higher than the lower
one as shown in Figure 4c. The decrease in intensity for the
lower tip of nearly same dimension as the upper one can be
accounted as follows: the evanescent field associated with the e-
beam decays inversely with the distance from the e-beam
trajectory at large distance from the beam. As a result, the
strength of interaction with the e-beam is stronger for the upper

tip than the lower tip due to the larger separation of the lower
tip apex and the incident e-beam. This decreases the intensity
of the resonance peak in the calculated emission spectra for the
excitation of the lower tip as compared to the upper tip in the
STM structure (Figure 4c). The small shift in the LSPR
positions (∼10 nm) can be due to the slight difference in the
maximum diameter of the two tips. Moreover the finite mesh
size used in FDTD simulations may also contribute to this
small shift of 10 nm. Apart from this small shift in the calculated
spectrum, the two resonance peaks for two individual tips at
744 and 754 nm seem to have the same type of plasmon mode,
which is longitudinal dipolar in nature (shown in the figures in
the Supporting Information). However, when the simulation is
performed in the presence of two tips (in TTM structure), this
longitudinal plasmon mode is split into two separate new
plasmon modes at 733 and 786 nm, as displayed in Figure 4c
(black curve). The peak at 733 nm was blue-shifted and the
peak at 786 nm was red-shifted with respect to the longitudinal
mode at 744/754 nm calculated for the individual tips (in STM
structure). This indicates that, whenever we have two closely
lying tips of nearly equal dimension, we have a coupling
between their plasmon modes. In order to calculate the near
electric field intensity (|E|2) map and the corresponding mode
of the surface plasmon oscillation (by plotting electric field
vector map) at various resonant peak positions, we have placed
field monitors at different planes in the TTM structure
neglecting the silicon substrate, as shown in Figure 3. Now,
from the simulated near field intensity maps of Figure 4e, we

Figure 3. Schematic diagram of the geometrical configuration of the
AuNF along with the coordinate system used in the numerical
simulation. The star (two-tip model/TTM) is modeled as a spherical
core with two tips. Incident electron beam is highlighted by the arrow.
Power monitors were placed at the XY, YZ, and XZ planes in order to
calculate the near field intensity and the charge distributions. The
electron beam is kept in fixed position during all numerical
calculations, unless mentioned specifically.

Figure 4. (a) Normalized numerically calculated (3D-FDTD)
spectrum (black curve) of the TTM structure and experimentally
acquired CL spectrum (red curve) in the wavelength range 500−700
nm. Inset SEM image shows the e-beam is focused at the red colored
position. (b) Difference between the calculated spectra of the TTM
structure, with substrate (black curve) and without substrate (red
curve). The spectra are calculated in the 500−900 nm range. (c)
Simulated emission spectrum of different structures. The black curve
represents the TTM structure. The blue and red curves represent the
spectrum of the single tip model/STM structure for upper and lower
tip, respectively. Simulated near-field intensity (|E|2) maps and the
corresponding field maps at (d) 733 nm wavelength in the XZ plane,
(e) 786 nm wavelength in the XZ plane, and (f) 786 nm wavelength in
the YZ plane for TTM structure.
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see strong localization of the field near the apex as well as in-
between the upper and lower tip at the 786 nm wavelength,
indicating the existence of very large surface charge on the tip at
this wavelength. Indeed, the associated vector plots (in the XZ
plane) corresponding to this field intensity map show a clear
dipole type field distribution where the accumulation of
opposite charges is seen at the apex of the two tips. However,
such tip to tip dipole formation is not observed in the vector
plots (in the XZ plane) at the resonance wavelength 733 nm
(Figure 4d). Moreover, the uniform field distribution as seen in
the calculated vector plots (Figure 4d) on the surface of the
core at 733 nm is highly disturbed (Figure 4e) by the strong tip
to tip transverse dipole field lines as well as by the field lines of
the longitudinal plasmon of the individual tip interacting with
the core. That the tip−tip interaction is very strong at the
resonance wavelength 786 nm is clear from the calculated near
field intensity map and its associated vector plots drawn also in
the YZ plane (Figure 4f) as well.
Thus, comparing the near field intensity maps along with the

associated vector plots for the peak wavelengths 733 and 786
nm, the core-tip and tip−tip plasmonic modes of the AuNFs
appears to be strongly coupled. Moreover, we have also verified
using FDTD simulation that the coupling becomes more
prominent when the adjacent tips are nearly equal in size. So,
we presume the peak at 786 nm as seen in the experimental CL
spectra of Figure 2g is a coupled LSP mode originating due to
the strong electrostatic interaction between the two closely
spaced out-of-plane tips of an AuNF where the oscillating
dipole is aligned along the out of plane direction either in XZ or
YZ planes, as shown in Figure 4e,f. That such strong coupling
of the LSPR mode leads to significant near-field enhancement,
as observed here, is also accompanied by an increased
nonradiative LSPR damping,21 which is the reason why we
see strongest intensity at the resonance around 736 nm
(longitudinal dipole mode) observed in the present experiment.
Although the coupling of the LSPRs between the two closely
lying separate particles has been studied to some extent in
recent years,22 the evidence of the coupling within the two
closely lying branches of a same nanoparticle as in the AuNF of
the present study has not been reported so far to the best of our
knowledge. However, we should mention here that while the
experimentally acquired CL spectrum (Figure 4a) has four
resonance peaks, the FDTD spectrum exhibits two resonance
peaks. The difference can be attributed mainly to the modeling
with single- or two-tipped core compared to the actual core
with numerous tips employed in the experiment. Moreover, the
uncertainty in the exact shape/orientations of the tips of the
nanoflower obtained from SEM imaging on the basis of which
we modeled the structure may also contribute to the observed
difference between experiment and theory. The other reasons
for the deviation may include the uncertainty in the exact
location of the e-beam due to small drift of the specimen during
spectrum acquisition, and the possibility of the presence of
CTAB surfactant layer between the particle and the substrate
causing a change of dielectric environment not considered in
the simulation.
Now, for deeper insight of the out of plane tip−tip

interaction, the lower tip has been rotated in anticlockwise
direction keeping the upper tip at the same position (Figure 5).
It is noted that with increasing angular separation (θ), the tip to
tip interaction mode shows a blue shift. At lower angles less
than θ + 10° when the tip apex are very close to each other, the
induced charges near the apex of the tips can interact very

strongly via electrostatic interaction requiring less energy.
However, when the tip to tip distance is large at higher angular
separation, obviously the tip−tip interaction requires more
energy to compete the tip-core interaction. Consequently,
coupled mode associated with the tip−tip interaction is shifted
toward the high energy or shorter wavelength regime. From the
spectra shown in Figure 5, it is also clear that the splitting of the
resonance peak as per TTM structure disappears gradually and
turns into one LSP mode for very large angular separation. This
single LSP mode is probably a mixing/combination of tip−tip
coupled mode and core-tip longitudinal mode. Observation of
such mode mixing is possible only by using the electron beam
as an excitation source, which can excite the longitudinal as well
as the transverse plasmon mode at the same instant for its
evanescent nature. At an angle greater than (θ + 45°), when the
lower tip is far away from the upper tip, coupling between two
tips becomes negligible. Additionally, the tip-core longitudinal
plasmon mode for the lower tip also becomes less prominent
due to the larger separation between the lower tip and the
electron beam position. Consequently, the two-tip model
(TTM) will behave like the single tip model (STM) for upper
tip showing only a single resonance peak at 744 nm (violet
curve in Figure 5), similar to the spectrum of the single tip
model applied for upper tip, as shown in Figure 4c (blue curve).

■ CONCLUSIONS
In summary, site-specific cathodoluminescence (CL) spectros-
copy and imaging technique in a high-resolution scanning
electron microscope (HRSEM) have been used to investigate
different localized surface plasmon (LSP) modes associated
with the widely separated individual tips as well as closely lying
tips of single gold nanoflower (AuNF) on a silicon substrate
both in the spatial and in the spectral domain. The combination
of CL-SEM technique and FDTD simulation have helped us to
identify for the first time the plasmonic coupling between two
nearest-neighbor out-of-plane tips protruded from the same
spherical core. Detailed analysis shows that such intertip
coupling within the same nanoparticle is effective within a

Figure 5. Intertip coupling and resonance splitting in two-tip model/
TTM structure as a function of the angular separations θ + 5°, θ + 10°,
θ + 20°, θ + 45° respectively between two closely lying tips where θ is
the initial angle between the tips. The electron beam was kept in fixed
position similar to the previous simulations.
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narrow angular separation between the closely lying tips and is
the origin of the double-peaked strong resonance mode
observed in the single AuNF of the present study. The
simulated near field intensity maps drawn at the coupled LSPR
mode show strong local field enhancement near the apex as
well as in-between the closely lying upper and lower tip. This
has far reaching consequences in designing Au nanostar
morphology based SERS active substrate for maximizing the
Raman signal. Consequently, the present study is important to
understand the mechanism of local electron probe driven
plasmonic interaction within different branches/tips of a single
3-D complex nanostructure that might have far reaching
consequences in applications where localized electromagnetic
field enhancement is exploited for maximizing the light signal,
such as in surface-enhanced Raman scattering based spectros-
copy, biosensing, or designing nanoparticle embedded solar
cells.

■ METHODS
Chemical Synthesis of Gold Nanoflower. Chemicals.

Chemicals including gold(III) chloride trihydrate (HAuCl4·
3H2O) ≥99.9% trace metal basis, silver nitrate (AgNO3)
BioXtra ≥99% (titration), sodium borohydride (H4BNa)
granular, 10−40 mesh 98%, L-ascorbic acid (C6H8O6) ACS
reagent ≥99%, and hexadecyltrimethylammonium bromide or
CTAB (C19H42BrN) assay ≥99% (AT) were purchased from
Sigma-Aldrich (Germany) and used for the synthesis without
any further purification. All the synthesis and experimental
works have been done by using Milli-Q water.
Synthesis of Gold Nanoseed. Gold nanoflowers (GNFs) are

synthesized by using a multistep seeding-based nanotemplating
method41 where the final step seed is a nano template for
predetermined tailored shape. In the first step, we synthesize
spherical gold nanoseed by adding 0.5 mL of 10−2 M HAuCl4
solution with 20 mL of water in a small vial. Next 0.2 mL of 2.5
× 10−2 M trisodium citrate solution was added dropwise and
left for 1 min to mix well. After that, 60 μL of 10−1 M ice cold
freshly prepared NaBH4 solution is added drop by drop, which
changes the solution color from light yellow to light red. We
keep this seed solution for another 2 h before using it for the
next synthesis step. During this time, the color of the solution
turns to deep red. Nano seeds exhibit absorption spectra with
absorption maxima at 510 nm, which corresponds to 4.3 ± 1.4
nm seed, has been confirmed by TEM.
First Growth Step to Synthesize Gold Nano Popcorns

(GNPops). In the first growth step, we have synthesized mono
dispersed GNPops with average size of about 45 ± 3 nm. To
synthesize GNPops, we dissolve 0.049 g of CTAB in 45 mL of
water (2.8 × 10−3 M) by mild heating and simultaneous
constant slow stirring. To this solution, 2 mL of 10−2 M
HAuCl4 solution is added and stirred for an additional 1 min.
Then 300 μL of 10−2 M freshly prepared AgNO3 solution is
added gently and mixed well, and then 320 μL of 10−1 M
ascorbic acid is added dropwise. As soon as the solution
becomes colorless, 500 μL of gold nanoseed solution (as
prepared) is added at a time. The solution becomes deep blue
within a minute and is left still for 2 h before using it for the
next synthesis step.
Nanotemplating Step to Synthesize GNFs. In the second

growth step, we have synthesized intrinsically monodispersed
GNFs with size (diameter) variation between 110 and 360 nm.
To synthesize different sized GNFs with differential petal
openings, we used 11 different growth solutions by dissolving

0.005, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, 1.0, 1.25, and 1.5 g
of CTAB in 45 mL of water by mild heating and constant
stirring. To this solution, 2 mL of 10−2 M HAuCl4 solution was
added and stirred for an additional 1 min. Then 300 μL of 10−2

M freshly prepared AgNO3 solution was added gently and
mixed well, and then 320 μL of 10−1 M ascorbic acid is added
dropwise. As the solution becomes colorless, immediately 500
μL of GNPop solution was added at a time as nanotemplate,
and the solution is left undisturbed for overnight to complete
the growth process and different growth solutions show
different bright color. The diluted AuNF solution is drop
coated on a cleaned Si(100) wafer and then loaded into the
SEM chamber after sufficient drying in ambient condition.

CL Spectroscopy and Imaging. CL spectroscopy and
imaging have been performed using the Gatan MonoCL3
optical detection system attached with ZEISS SUPRA40 field
emission gun (FEG) SEM.42 The MonoCL3 system is
equipped with a retractable paraboloid mirror placed inside
the SEM chamber. The electron beam reaches the sample
through a hole of 1 mm diameter on the paraboloid mirror. The
mirror is capable of collecting emitted light signals from the
sample under consideration within a solid angle of 1.42π sr of
the full 2π of the upper half sphere. The collected light signal is
collimated through a hollow aluminum tube and directed to a
Czerny-Turner type optical monochromator of focal length of
300 mm. Finally, the signal from the monochromator is fed to a
Peltier-cooled high sensitivity photomultiplier tube (HSPMT).
In order to capture a maximum amount of light signal, the top
surface of the sample must be kept at the focal plane of the
paraboloid mirror. In our experimental arrangements, this is
achieved by putting the sample top surface 1 mm below the
bottom plane of the mirror. This focal adjustment is very
carefully done before every set of experiments and the detailed
procedure can be found elsewhere.42 All the CL data in the
present experiment are acquired with electron beam energy of
30 keV and beam current of ∼15 nA and the diameter of the
beam spot is about 5 nm. The CL system can be operated in
two modes, namely, monochromatic and panchromatic. In the
monochromatic mode, the electron beam is either scanned over
an area of interest or fixed onto a selected point of the sample.
The photons emitted from the sample pass through the
monochromator and enter the HSPMT detector and the
recording of CL spectra is accomplished. Then monochromatic
CL images or photon maps at selected peak wavelengths are
obtained by scanning the electron beam over the sample while
allowing only the light signal of desired wavelength to pass
through the monochromator to the HSPMT. In the
panchromatic mode, the monochromator is bypassed and the
emitted light is directly fed to the HSPMT detector. The
panchromatic photon map is obtained by scanning the e-beam
over the sample resulting in a CL emission map that contains
all the wavelengths lying within the detection range (300−900
nm) of the HSPMT. Spectral step size and dwell time were
kept fixed at 4 nm and 0.25 s, respectively, during the entire
experiment. The monochromatic CL images are recorded with
150 × 150 pixels and the total exposure time in capturing one
frame is 11.25 s. Both the monochromatic and panchromatic
mode of CL operation also allow us simultaneous acquisition of
secondary electron (SE) images enabling direct correlation
between plasmonic response and the particle morphology.

FDTD Simulations for Electron Beam Excitation. We have
used 3D-FDTD (commercially available FDTD package from
the Lumerical Solutions, version 8.4) numerical simulation for a
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detailed analysis of the surface plasmon assisted photon
emission. In our numerical calculations, we have simulated
the electron beam as the source of EM excitation. In our CL
experiments, we have used electron beam energy of 30 keV and
beam current of 15 nA. This means the electron impact to the
sample on an average in every 11 ps, which is ∼5000 times
longer than one typical optical cycle in the visible spectral range
and ∼200 times longer than the typical electron relaxation time
in gold. So, we can neglect the electron−electron interaction
and simulate the photon emission for one single electron
impact. In this numerical procedure we have modeled the
energetic electron as a large number of closely spaced dipoles
placed vertically with a temporal phase lag that is associated
with the electron velocity. The current density can be written as

δ δ δ⃗ = − ̂ − − −J t r evu z vt x x y y( , ) ( ) ( ) ( )z 0 0 (1)

where e is the electronic charge and v is the velocity of electron,
(x0,y0) represents the position of the electron beam, and z is the
direction of electron velocity and uẑ is the unit vector along the
z direction. The introduced phase lag factor between two
consecutive dipole is (z/v), where v = 0.32c corresponding to
the 30 keV electron energy used in the present experiment,
with c being the velocity of light in free space. In the absence of
any structure, the e-beam will not generate any radiation
because it is moving at a constant velocity. But in FDTD, we
are obliged to simulate only a finite portion of the electron
beam path, and the sudden appearance and disappearance of
the dipole beam will induce radiation. To minimize error
arising due to this issue, we run a second reference simulation
where all the structures have been removed, and we can
calculate the electromagnetic fields at angular frequency ω by
taking the difference in fields between the simulations. The CL
emission spectra are calculated by integrating the Poynting
vector components (Pz) normal to a large arbitrary surface in
the upper hemisphere. This is realized in simulations by placing
a very large XY plane 500 nm above the top surface of the
nanoparticle. In order to calculate the near field intensity (|E|2)
map and the charge distribution map corresponding to the
calculated CL emission spectra, we have placed the field
monitors at suitable planes passing through or very near to the
nanoflower. The dispersive property of gold in the wavelength
range 500−900 nm has been taken from the tabulated value of
Johnson and Christy.43 The Si substrate is considered as a
nondispersive material with fixed refractive index 4 in the same
wavelength range and having a dimension of 5 μm × 5 μm × 4
μm. The metallic structures having resonant characteristics and
high index contrast interfaces are critically sensitive to the
precise locations of material interfaces. So, for a better accuracy
in all the calculations, we have used the Lumerical’s mesh
override region over all the metallic structure. The size of fine
mesh cells near the metallic structure was kept in the same
value during all the numerical simulations and it was 2 nm × 2
nm × 2 nm.
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