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ABSTRACT We report on a combined study of Rayleigh and Raman scattering
spectroscopy, 3D electron tomography, and discrete dipole approximation (DDA)
calculations of a single, complex-shaped gold nanoparticle (NP). Using the exact
reconstructed 3D morphology of the NP as input for the DDA calculations, the
experimental results can be reproduced with unprecedented precision and detail.
We find that not only the exact NP morphology but also the surroundings including
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prediction of the NP optical properties. The achieved accuracy of the calculations allows determining how many of the adsorbed molecules have a major

contribution to the Raman signal, a fact that has important implications for analyzing experiments and designing sensing applications.

KEYWORDS: nanoparticle - enhancement - tomography - DDA - dark-field - Rayleigh - Raman

urrently, there is significant scientific
C and technological interest in the op-
tical properties of noble metal nano-
particles (NPs). In particular, they play a
crucial role in the development and optimal
design of ultrasensitive spectroscopies in-
cluding surface-enhanced Raman spectros-
copy (SERS)," "% single-molecule SERS,"' ¢
tip-enhanced Raman spectroscopy,
surface-enhanced fluorescence,®*~%’ as well
asin the detection of chemical and biological
agents,”® 32 in nanolithography,®* ¢ and in
the rational design of tips for scanning
near-field optical microscopy’” —>° and field-
enhanced scanning optical microscopy.*°
The remarkable optical properties of
noble metal NPs are dominated by the
excitation of localized surface plasmon res-
onances (LSPRs). LSPRs originate from col-
lective oscillations of the conduction band
electrons in a NP and are extremely sensi-
tive to the exact shape, size, composition
of the NP, and the surrounding medium.
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Complex-shaped NPs are particularly attrac-
tive for applications since their LSPRs are
widely tunable and they exhibit large field
enhancements.*'*? Ensembles of complex-
shaped NPs, however, usually exhibit large
dispersity in size and shape. For a detailed
understanding of the optical properties
of complex-shaped NPs, it is therefore cru-
cial to correlate optical and morphological
properties on the single-particle level.**

Despite significant progress in experi-
mental single NP studies, most calculations
rely on an idealized picture of the real NP,
which is obtained either by a 2D morpho-
logical characterization or an incomplete
3D characterization from 2D transmission
electron microscopy (TEM), scanning tun-
neling microscopy,* or scanning force
microscopy™® images.

Electron tomography is well-established
as a high-resolution 3D morphological re-
construction technique for nanostructures.*®
Recently, it was combined with the discrete
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dipole approximation (DDA) algorithm in order to
calculate the optical response of a highly irregular NP
in a rigorous way.*’ Significant differences in the near-
and far-field optical response of the same NP were
found between calculations using an idealized NP
morphology and calculations using all details of the
3D morphology. However, no comparison with experi-
ments was performed in that case. A comparison
between experimental Rayleigh scattering spectra for
unpolarized light and calculations from electron tomo-
graphy reconstruction with very good agreement was
recently performed for core-shell metal NPs.*8

Here, we combine state of the art experimental
techniques for both 3D morphological reconstruction
and near- and far-field optical properties measure-
ments of the same NP, with accurate numerical DDA
calculations in order to study different LSPRs in a
complex-shaped NP. The far- and near-field optical
properties are experimentally quantified by Rayleigh
and Raman scattering spectra of the same individual
NP for different incident polarizations. The NP mor-
phology is reconstructed, and its points of contact
with the substrate are determined by means of 3D
electron tomography. The reconstructed NP morphol-
ogy and its exact position on the substrate serve as
input for the DDA calculations. We find that for a
correct calculation of the NP optical properties both
its exact 3D morphology and its surroundings includ-
ing the contact points with the substrate are essential.
Furthermore, we quantitatively calculate Raman en-
hancement factors and the number of molecules that
contribute to the Raman signal in excellent agreement
with the experimental estimates.

To the best of our knowledge, this is the first
time that a quantitative characterization of the near-
and far-field optical properties of LSPRs of an individ-
ual complex-shaped NP is performed by means of
Rayleigh and Raman scattering spectroscopy, electron
tomography reconstruction, and accurate numerical
DDA calculations. As a consequence of the study, the
importance of the substrate for the LSPR of a NP is
directly demonstrated and the number of molecules
with significant contributions to the Raman signal is
determined.

RESULTS AND DISCUSSION

A flow-chart diagram of our combined experimental
and theoretical approach is displayed in Figure 1.
Complex-shaped gold NPs are functionalized with
4-mercaptobenzoic acid (MBA) on their surface*' and
deposited on a TEM grid in order to perform consecu-
tive optical spectroscopy and electron tomography on
the same individual NP. Polarization-resolved Raman
and white light Rayleigh scattering of individual func-
tionalized NPs are measured (step 1 in Figure 1). After
the optical measurements, a 3D morphological char-
acterization of the same NP is performed (step 2 in

PERASSI ET AL.

ELECTRON
[RAYLEIGH AND RAMAN TOMOGRAPHY
@

DDA
MORPHOLOGICAL ALGORITHM
SPECTROSCOPY(1) @)

RECONSTRUCTION

EXPERIMENTAL CALCULATION

CCOMPARISON
@

[ENHANCEMENT] [ENHANCEMEN
FACTOR FACTOR

Figure 1. Flow-chart diagram of the combined experimen-
tal and theoretical approach.
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Figure 2. (a—f) Morphological reconstruction of the studied
NP which is obtained from a 3D electron tomography. (a)
Top view. (b) Bottom view. The red circles indicate the
contact points of the NP with the substrate. (c—d),(e—f)
Opposite lateral views of the NP. (g) Studied NP on the
simulated substrate of which the dimensions are 250 nm in
edge length and 70 nm total thickness (10 nm of carbon
(black) which is in contact with the NP and 60 nm of Formvar
(blue)). The direction of the white light, laser, and the collec-
tion direction as used in the experiment is also indicated.
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Figure 3. (a—g) Measured and simulated Rayleigh scattering spectra for each incident polarization which is indicated with a
red line in the corresponding image in the top panel of each figure. Black curves: measured scattering spectra (integration
time = 120 s). Green curves: simulated scattering spectra without any substrate and molecules. Blue curves: simulated
scattering spectra considering the MBA molecules. Red curves: simulated scattering spectra considering the MBA molecules

and the substrate of Figure 2g.

Figure 1). The reconstructed 3D morphology is used as
input*’ for DDA calculations (step 3 in Figure 1). In our
DDA algorithm, the NP is described as a cubic array of N
polarizable elements such that its 3D morphology is
exactly reproduced.”’

In the following, we first present the exact recon-
structed morphology of the studied NP. Subsequently,
we compare the measured and calculated Rayleigh
scattering spectra of the NP and discuss the near-field
optical properties, which are obtained from Raman
scattering spectra (step 4 Figure 1).

The exact shape of the studied NP which is obtained
from the 3D morphological reconstruction is shown in
Figure 2. Panels a and b depict the top and bottom
view of the NP, respectively, while panels ¢,d and ef
show opposite lateral views of the NP. Clearly, the NP
has a highly complex and anisotropic shape that
cannot be inferred from conventional TEM or scanning
probes techniques. The contact points of the NP with
the substrate (membrane of the TEM grid) have been
identified in the tomography reconstruction and are
indicated with red circles in Figure 2b. Figure 2g dis-
plays the exact position adopted by the NP on the TEM
grid membrane.

We now turn to the discussion of the far-field proper-
ties of the NP, that is, the measured and calculated
Rayleigh scattering (Figure 3). It is important to note
that incident unpolarized light has been excluded in
the Rayleigh scattering measurements by introducing
a polarizer and an entrance slit with relative perpendi-
cular orientation before the dark-field condenser. Also,
a complex-shaped NP gives rise to large changes of its
scattering spectrum for small changes in the incident
polarization direction. This is very important since
many different resonances can be excited by changing
the incident polarization.

Black curves in Figure 3 show the measured scatter-
ing spectra at different white light incident polariza-
tions. From left to right, the polarization varies in steps
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of 7/8 rad clockwise, and it is indicated with a red line
on the top view of the reconstructed NP above each
measured spectrum. Calculated spectra from DDA
taking into account the full morphological details
of the reconstructed NP (see Methods section) are
shown in green (without any substrate and adsorbed
molecules), blue (with adsorbed molecules), and red
(with adsorbed molecules and substrate).

The comparison of the measured and calculated
spectra provides clear evidence for the importance
of including both the precise morphology of the NP
and the surroundings in the electrodynamic calcula-
tions. The peaks in the scattering spectra correspond
to the LSPRs of the NP. In general, the spectral position
of the resonances can only be reproduced well if
the substrate and MBA layer are included. Similarly,
the splitting of the measured spectrum into two
peaks (Figure 3d—f) is only reproduced by including
the substrate.

In addition to the spectral position of the LSPRs,
another important aspect is their spectral widths. In
Figure 3ab,g, the measured scattering spectra are
dominated by a strong resonance, of which the spec-
tral width is smallest for the polarization direction
parallel to the sharpest tip of the NP (Figure 3b). The
narrowing of this resonance is well-reproduced for the
theoretical calculations as the calculated spectra in the
figures show.

On the other hand, our results show that the max-
imum scattering intensity of the LSPRs increases/
decreases as the mean NP length along the polariza-
tion direction increases/decreases. This can be clearly
seen in the sequence of spectra in Figure 3c—g, for
instance. This sequence, however, also displays some
differences between calculated and experimental re-
sults. Particularly, for the polarizations in Figure 3d—f,
the relative intensities of the two resonances are
opposite in experiment and theory, and in some
cases, there are differences between calculated and
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Figure 4. (a) Measured Raman spectrum at laser power =
50 uW and wavelength = 632.8 nm. The incident polariza-
tion is indicated with a red line in the image above the
spectrum. The integrated area under the peaks used for the
enhancement factor calculation is indicated in blue. (b,c) I
distribution around the NP at the laser wavelength for
values of I' > 10 and I" > 100, respectively.

measured peak positions. These differences can be
attributed to the differences in incident polarization
used in experiment and theory, respectively. In the
calculations, a perfectly well-defined incident linear
polarization is considered. In the experiment, however,
the dark-field configuration will always produce a
range of polarizations at the sample even if a polarizer
and entrance slit before the condenser is used.

It should be noted that calculated spectra including
the substrate show increased intensities at both long
and short wavelength tails. This effect is attributed to
the finite size of the substrate used in the calculations.
The finite substrate scatters light (finite substrate
effect) as illustrated by the substrate spectrum (black
dots) in Figure 3a. Apparently, the short and long
wavelength tails of the calculated spectra including
the substrate (red curves) follow the mathematical
form of the substrate scattering (black dots) in
Figure 3a. Therefore, in order to analyze the scattering
spectra with the substrate of Figure 3, it is necessary to
consider that the tails of these spectra should decay as
the calculated scattering spectra without the substrate.
The finite substrate effect is also responsible of the
differences between the relative intensities of the two
peaks in calculated and experimental spectra of
Figure 3d—f.

The optical near-field properties were experimen-
tally characterized by detecting the Raman signals
of the adsorbed MBA molecules on the NP surface.
Figures 4a and 5a show the measured Raman spectra
for the incident polarizations, which are indicated with
a red line in the top images of each figure. By compar-
ing both measured Raman spectra, it can be noticed

MBA Raman spectrum ———
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Figure 5. (a) Measured Raman spectrum at laser power =
50 uW and wavelength = 632.8 nm. The incident polariza-
tion is indicated with a red line in the image above the
spectrum. The integrated area under the peaks used for the
enhancement factor calculation is indicated in blue. (b,c)
T distribution around the NP at the laser wavelength for
values of I' > 10 and I" > 100, respectively. Note that there
are no values of I" > 100 around the NP.

that the Raman intensity of the molecules around the
NP for the incident polarization of Figure 4a is larger
than that for Figure 5a. We emphasize here that great
care was taken to reduce any possible photochemical
or photothermal degradation of the MBA molecules.
Specifically, only three laser shots of 60 s are used. Two
Raman spectra at perpendicular laser polarization are
collected from the first and second shot. The third shot,
with polarization equal to the first one, is used to
confirm that no photochemical degradation occurred;
that is no significant differences in the Raman spec-
trum are measured. A low laser power is necessary to
avoid any damage of the TEM grid membrane, the
molecules around the NP, and the NP itself (LSPR
heating induces melting and reshaping). This low laser
power also ensures that no Raman signals from mol-
ecules which are not located in high field enhance-
ment regions are detected.

In order to explain the observed excitation polariza-
tion dependence, calculations of the near-field proper-
ties were performed with DDA and probe dipoles.*®
As in the far-field case, all experimental details are
included in the calculations (see Methods section).
Figures 4b and 5b show the calculated near-field en-
hancement (I') distributions around the NP at the laser
wavelength for values of T" > 10 (I" = (E-E*)/(Eo-Ep),*®
where E is the local complex electromagnetic field, E,
is the incident field, and x denotes complex conju-
gated value). In Figure 4b, the T distribution is highly
concentrated on the sharpest tip of the NP, whereas
in Figure 5b, the distribution is more spread out
over several tips of the NP. This stronger confinement
of the electric field gives rise to much higher values
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of the electromagnetic field enhancement. These fea-
tures can be clearly seen by comparing the T distribu-
tions at the laser wavelength for I" > 100 (Figures 4c
and 5¢). High enhancement regions are only found for
the former polarization.>® This fact is in qualitative
agreement with the higher intensity of the Raman
spectrum in Figure 4a compared to Figure 5a.

In order to obtain a quantitative comparison be-
tween near-field calculations and Raman spectra,
the SERS substrate enhancement factor (Y)*' is calcu-
lated. It should be noted that the term substrate in Y
corresponds to NP surface as the MBA molecules are
adsorbed to the NP. As the molecular orientation is
unknown and may fluctuate during a measurement,
the expression for Y (see eq 4.10 of ref 51) is

Y = i/ ends = {O} )
Am

where O is the orientation-averaged single-molecule
enhancement factor which depends on the position r
of the molecule on the NP surface (Ay).

Note that Y is the mean value of ® on the NP sur-
face and is linked to the Raman signals by (see eq 4.13
of ref 51)

do
Isgrs = isAm{O} d—g SineAQper )

where us is the surface density of molecules, .. the
incident Poynting vector, dors/dw the differential
Raman cross section of the molecule, and AQpet
is the solid angle of the collection cone, which is
given by

NA
AQpet = 21| 1 — cos <arcsin <—)> (3)
nm

where NA is the numerical aperture of the objective
and ny, is the refractive index of the medium. Further-
more, the detection efficiency () of the experimental
setup needs to be taken into account

©} = Isers @)

do
NusAm ngs SincARpet

At any given time, each MBA molecule will have a
particular position and orientation on the NP surface.
However, the detector collects Raman signals from
many molecules with different orientations and posi-
tions. As the total number of molecules is large, we
assume that the same mean value {©} can be obtained
by considering many molecules around the NP with an
isotropic Raman tensor and a single-molecule en-
hancement factor (SMEF) equal to SMEF(r) = O(r).
Going beyond the |E|4 approximation by approximat-
ing the radiation enhancement (I'g,g) by the local field
enhancement I'g,q(4) ~ I'(A) for the SMEF (i.e., SMEF ~
T'(A)T'(p), where 4, is the laser wavelength and 4,
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is the Raman signal wavelength), the {®} can be
rewritten as

N

{©} ~% > TiATi(4p) )
i=1

where N is the number of dipoles of the emulated MBA

layer in DDA calculations, T'(4)) is the enhancement

factor for dipole i at the laser wavelength and T'i(4,) is

the enhancement factor for dipole i at the wavelength

of the peak p of the Raman spectrum.

In eq 4, Isggs is calculated by integrating the most
reliable peaks (1070 and 1577 cm ™' that correspond to
A1 = 679 nm and 4, = 703 nm, respectively) of the
measured Raman spectra and by considering the
acquisition time t = 60 s. The integrated areas are
indicated in Figures 4a and 5a. For our experimental
setup, 7 = 0.56 and AQp.; = 2.13, and a value of Sj,c =
2500 w/cm? is calculated according to Gaussian beam
optics. A value of Ay = 27 740 nm? is calculated from
the morphological reconstruction and by taking into
account a packing density of 0.19 nm? per molecule®’
or us = 5.263 nm~2, the number of molecules on the
NP is usAm = 146 000. The Raman cross sections for
the MBA molecule are determined from ab initio
calculations®®®' (see Theoretical Calculations section)
and correspond to dogs/dQ = 1.945 x 1073° cm? and
dore/dQ = 4.480 x 1073° cm? for the Raman modes
1070 and 1577 cm ™, respectively. For the polarization
in Figure 4, we find /segs = 1.05 x 10~ "7 W and the mea-
sured {®} = 12410 for the Raman mode 1070 cm ™"
and lsgrs = 1.23 x 1077 W and {®} = 6293 for the
Raman mode 1577 cm ™. On the other hand, evaluat-
ing eq 5 by using the results of the near-field calcula-
tions at the laser wavelength in addition to calculated
T' distributions to the Raman peak wavelengths
Ay = 679 nm and 4, = 703 nm, we find calculated
values {®} = 11312 and 7957 for the Raman modes
1070 and 1577 cm ™', respectively.

Applying the same analysis to the polarization in
Figure 5, we find Isgrs = 3.46 x 107 '8 W and the mea-
sured {©} =4081 and lsgrs =5.43 x 10" ¥ Wand {©) =
2780 for the Raman modes 1070 and 1577 cm™ ',
respectively. The calculated values from eq 5 are
{®} = 1630 and 1456 for the Raman modes 1070 and
1577 cm™ ', respectively. The agreement of mea-
sured and calculated {©} values is excellent, vali-
dating the DDA calculations combined with 3D
morphological reconstruction as a powerful tool
to predict near-field optical properties of complex-
shaped metal NPs.

We now take the analysis a step further by determin-
ing how many molecules are producing most of the
Raman signals. To this end, we calculate an effective
area (A«¢)>> based on the I distribution around the NP.
This area represents the region on the NP surface
where most of the field enhancement is concentrated
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and consequently most of the Raman signal is pro-
duced. The effective area is calculated according to

N 1'*2
Aeit = d’ Z —FZ'
i=1

max

(6)

where N is the number of dipoles emulating the MBA
layer, I'; is the enhancement factor for each dipole, and
d is the grid size parameter of the cubic array. For the
polarization in Figure 4, we find Aeg = 14.3 nm?, which
corresponds to only 75 molecules generating most of
Raman response. Equation 6 implies that these mol-
ecules are located in regions of the highest enhance-
ment. In this case, this region is the sharpest tip of the
NP (compare Figure 4c).

Introducing Aefsinstead of Ay, in eq 4, values of {©} =
1.37 x 107 and 6.94 x 10° are obtained for the Raman
modes 1070 and 1577 cm ™", respectively. Applying the
same procedure to the polarization in Figure 5, we
find Aeg = 25.17 nm?, and therefore, about 132
molecules are generating most of the Raman signal
with {©} =4.50 x 106 for the Raman mode 1070 cm ™"
and {®} =3.06 x 10° for Raman mode 1577 cm™".The
order of magnitude for these enhancement factors
is in good agreement with earlier estimates of local
enhancement factors of complex-shaped gold
nanostars.'

CONCLUSIONS

In conclusion, we have performed a rigorous experi-
mental and theoretical study of the far- and near-field
optical properties of a complex-shaped NP. White light
Rayleigh and Raman scattering spectra were measured
at the single-NP level, and 3D electron tomography
was performed to reconstruct the real NP morphology
and identify the NP points of contact with the sub-
strate. The morphological data were used as input for
DDA calculations.

The comparison between simulated and measured
Rayleigh spectra at different incident polarizations
demonstrates the excellent potential of DDA com-
bined with precise knowledge of morphology ob-
tained by electron tomography, for the simulation of
the optical properties of complex-shaped metal NPs.
The comparison further shows the importance of
including the exact shape, as well as the surroundings
(substrate and MBA layer) in the calculations. This leads

METHODS

Optical Characterization. The complex-shaped gold NPs were
synthesized via the seeded growth method.>* The NPs are
functionalized with 4-mercaptobenzoic acid (MBA) on their
surface*’ and deposited on a marked TEM grid (Tedpella
01802-F). Polarization-resolved Raman and white light Rayleigh
scattering of individual functionalized NPs were measured
on a combined dark-field and Raman scattering microscope
(Figure 6)."" Well-defined polarized excitation at the sample in
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Figure 6. Setup of the combined dark-field and Raman
scattering microscope which is used to perform the optical
property measurements. An image of the studied NP in the
dark-field is also shown.

to strongly improved predictions of far-field optical
properties for a real NP.

Near-field distributions around the NP were as-
sessed from Raman spectra of MBA molecules on the
NP surface measured for two polarizations by deter-
mining enhancement factors for each excitation. The
experimentally determined enhancement factors are
accurately reproduced by the theoretical results, de-
monstrating the high performance of DDA calculations
combined with electron tomography to predict near-
field optical properties, as well. Finally, the good
agreement between theory and experiments allowed
determining the number of molecules on the NP
producing most of the Raman signals.

dark-field configuration was achieved by placing a polarizer and
a narrow entrance slit before the dark-field condenser. Before
analysis, Raman spectra were corrected for background and
high-frequency noise in both Rayleigh and Raman spectra was
reduced by using a fast Fourier transform low-pass filter.
Morphological Reconstruction. After the optical measurements,
a 3D morphological characterization of the same NP was per-
formed by using high-angle annular dark-field scanning trans-
mission electron microscopy. Images were recorded at tilt
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increments of 2° between £70°. Alignment was accomplished
via ImageJ,® using the TomoJ add-on®® which comprises a
landmark-based alignment script.>” The actual morphological
reconstruction was performed by a masked simultaneous itera-
tive reconstruction technique step to obtain an adequate
segmentation and a good starting model, followed by a discrete
algebraic reconstruction technique step.>®

Theoretical Calculations. The reconstructed 3D morphology
was used as input for DDA calculations. In our DDA algorithm,
the NP was described as a cubic array of N polarizable elements
such that its 3D morphology was exactly reproduced.*’” The
response of the dipole array to an applied electromagnetic field
was calculated by determining the induced dipole moment
in each element self-consistently. The near-field around the NP
was calculated by using probe dipoles.*® The substrate was
modeled as a film having 250 nm edge length and a total
thickness of 70 nm (10 nm of carbon which is in direct contact
with the NP and 60 nm of Formvar). These thicknesses corre-
spond to TEM grid specifications of the manufacturer, and the
edge length (250 nm) was limited by the computational effort.
The MBA molecules adsorbed on the NP surface were emulated
by a ~1 nm thick layer of DDA dipoles. The polarizabilities of the
dipoles in the cubic array were based on tabulated dielectric
constants for gold59 and carbon.?® For Formvar and MBA,
refractive indexes of 1.475%" and 1.45°2 were used, respectively.
Approximately 1.5 x 10° and 6 x 10° dipoles were used for
scattering and field enhancement calculations, respectively.
The calculations considered the incident wave vector direction
of the experiment and perfect linear polarizations. The Raman
cross sections of the MBA molecule were calculated with
Gaussian 09, revision B.01°? by B3LYP/6-311+-+g(d,p). Among
the calculated Raman modes close to the experimental ones
of 1070 and 1577 cm™, the calculated modes of 1111 and
1634 cm™' were used to determine the Raman cross sections
(see eq A.10 of ref 51) as they present the highest Raman activity.
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