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Surface Plasmon Resonance of an Individual Nano-Object
on an Absorbing Substrate: Quantitative Effects of Distance

and 3D Orientation

Etienne Pertreux, Anna Lombardi, lleana Florea, Miguel Spuch-Calvar,
Sergio Gémez-Grana, Dris lhiawakrim, Charles Hirlimann, Ovidiu Ersen,
Jéréme Majimel, Mona Tréguer-Delapierre, Mike Hettich, Paolo Maioli,
Aurélien Crut,* Fabrice Vallée, and Natalia Del Fatti

theoretical points of view. This interest has

Modification of the plasmonic response of a metal nano-object due to interac-
tion with a substrate is experimentally investigated measuring the quantitative
optical extinction spectra of individual nano-objects with various elongated
shapes (bipyramids and rods) deposited on a dielectric (silica) or absorbing
(carbon) membrane. Apart from the expected dependence of the nanoparticle
surface plasmon resonance (SPR) frequency on the nature of the substrate,
large substrate and particle shape dependent modifications of its SPR width
are demonstrated. These dependencies are ascribed to strong localization of
the electromagnetic field associated with the longitudinal SPR of an elongated
nano-object around its tips, leading to different interaction with the substrate
depending on the particle shape and 3D orientation relative to the substrate.
Both parameters have been precisely determined by electron tomography,
permitting excellent reproduction of the experimental data. Experiments
performed on silver-encapsulated bipyramids, whose shape evolves from a
pyramidal one towards a cylindrical one, further confirm this effect.

been primarily motivated by the possibility
of tuning the optical properties of metal
nano-objects, due to the large depend-
ence of the SPR characteristics (spectral
position, quality factor, amplitude, local
electromagnetic field enhancement) on
their shape and environment,'? and by
the many applications they offer. The fre-
quency dependence on the object local envi-
ronment has for instance been exploited
for biosensing applications or for real-
time monitoring of chemical reactions,>*
while electromagnetic fields enhancement
around a nano-object associated to SPR
has opened the possibility of label-free
detection of molecules by enhancing their
optical response (e.g., Raman scattering>*!
or fluorescencel”)). Detailed understanding

1. Introduction

The localized surface plasmon resonance (SPR) of metal nano-
objects is the key feature of their optical response. This and the
local field enhancement it reflects have been extensively inves-
tigated during the last decade, both from experimental and
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of the shape and environment effects on

the SPR characteristics of a nano-object is
thus of key interest. It can only be experimentally achieved on
individual nano-objects, to avoid the spurious inhomogeneous
effects due to unavoidable dispersion of the particle morphology
in ensemble measurements.”l Many investigations have now
been performed on single nanoparticles, most of them being
deposited on a solid substrate, a situation also most frequently
encountered in applications.?#°! Although good reproduction of
experimental data has been obtained in the case of nano-objects
deposited on a dielectric substrate,'%5] full and quantitative
understanding of substrate impact is still lacking as it requires
not only precise determination of the object morphology, but
also of its position relative to the substrate (distance and orienta-
tion), especially for absorbing ones.

Interaction of an absorbing substrate with a deposited metal
nanoparticle is still little studied. Though red shift and splitting
of the SPR of single gold and silver particles on a gold film due
to coupling with its propagating surface plasmon polaritons have
been reported,l'8 a more specific effect of absorbing substrates
is the induced broadening of the SPR. This has been observed
for gold nano-objects lithographed on a chromium or titanium
adhesion layer!"?% and gold nanorods standing on a graphene



layer.”l The spatial distribution of the electromagnetic field and
overlap of the zone where it is strongly enhanced with the sub-
strate was pointed-out as a key parameter.?°l This further stressed
the importance of precise determination of the object morphology
and position relative to the substrate when interpreting the optical
response of single nano-objects spin-coated on a substrate, a
common situation when they are chemically synthesized.

In this context elongated nano-objects are particularly inter-
esting as their longitudinal SPRs are associated to localized
enhancement of the electromagnetic field around their tips,
with a spatial distribution strongly depending on their shape
(e.g., rod as compared to bipyramid).l'l We have quantitatively
investigated the effect of an absorbing substrate on their plas-
monic response measuring the absolute extinction spectra
of individual gold nanorods and nanobipyramids deposited
on thin dielectric (silica) and absorbing (carbon) substrates
using spatial modulation spectroscopy (SMS), demonstrating
larger substrate-induced SPR broadening for a nanorod than
for a bipyramid. The morphology and position (distance and
3D orientation relative to the substrate) of the particles were
determined using two- and three-dimensional transmission
electron microscopy (TEM).?2l These geometrical parameters
were used in finite-element modeling (FEM) numerical simu-
lations yielding excellent agreement with the experimental
data, highlighting their impacts. These are further confirmed
by extension of these experiments to silver-encapsulated gold
nanobipyramids, which offer the unique possibility of changing
their shape from a bipyramid to a rod one, and thus controlling
their interaction with the substrate.

2. Results and Discussion

2.1. Optical Experiments on Elongated Gold Nano-objects

Solutions  of  surfactant-coated gold nanorods and
nanobipyramids were synthesized using previously described
procedures!!>?3] (see Experimental Section for details about
nanobipyramid synthesis). These colloidal solutions were spin-
coated on TEM grids covered by either a =40 nm thick silica
or a =20 nm thick carbon membrane. The extinction cross-
section oy, of single nano-objects was quantitatively measured
using SMS[22426] (Figure 1a, see also Experimental Section).
The polarized spectra were fitted in the energy domain by a
Lorentzian function, allowing extraction of the longitudinal
SPR spectral position and width.'”) TEM was used to indi-
vidually correlate each measured extinction spectrum with the
high-resolution image of the associated nano-object, allowing
the determination of its dimensions (length L and diameter D).
Typical o,,; spectra of individual and isolated gold nanorods
with lengths L = 35-45 nm and diameters D = 10-15 nm are
shown in Figure 1b—d. The extinction spectra measured for
deposition on silica and carbon membranes are compared for
selected individual nanorods of same aspect ratio (n = L/D,
Figure 1Db), same SPR position (A, Figure 1c) and same effec-
tive length characterizing quantum confinement-induced
broadening effects Ly= (S/m)'/%, where S = LD is the nanorod
surface (Figure 1d).?” All the measured single particle SPR
widths are plotted in Figure 1e as a function of this parameter.

As expected, red shifting of SPR was observed for nanorods
of same aspect ratio deposited on carbon substrate as com-
pared to silica one (Figure 1b). This AAg = 60 nm shift can be
directly ascribed to a larger real part of its complex refrac-
tive index (Re(n) = 2.3 in carbon, see below, as compared to
n, = 1.45 for silica). In addition, nanorod deposition on carbon
substrate leads to an important broadening of the longitudinal
SPR as compared to a dielectric substrate (Figure 1b—e). On
average, the SPR spectral width I"is two times larger on carbon
(A" = (270 £ 30) meV) than on silica (A" = (135 + 20) meV).
This large broadening is observed independently of the param-
eter fixed for comparing single-nanorod spectra: 1 (Figure 1b),
Ag (Figure 1c) or L,y (Figure 1d and Te).

The SPR width I' can be decompaosed as:

=T+, +Ys +Tgem + Towp (1)

where I, I, ¥ and I, respectively describe the contribu-
tions of bulk-like Landau damping in the nano-object, radia-
tive damping, quantum confinement and interface chemical
damping effect (related to the presence of surfactant molecules),
which have all been discussed in previous works,??-33 while
I}, quantifies substrate effects (with Iy, = 0 for a dielectric
one), whose description is the primary scope of this paper. The
I" values measured for surfactant-coated nanorods on silica sub-
strate are larger by about 40 meV than those recently reported
for silica-encapsulated gold nanorods of similar sizel*”! (blue
dashed line in Figure le). This rise corresponds to an increase
of I, in the absence of silica encapsulation which provides
nano-objects with a well-controlled interfacel*! (a similar Iy,
increase was measured after thiol functionalization of initially
uncoated nanorodsB?)). T, is negligible for the small nanorod
sizes considered here, and I is quasi-constant for SPR posi-
tions Ag > 700 nm away from interband transition domain, as
in the present study (Figure 1b-d).?”*3¢ The weak depend-
ence of I' on nanorod size (Figure le) thus essentially results
from the quantum confinement term 7, which varies as ¥, = A
Vg/ Ly (with vy Fermi velocity, A = 1.4 and L,gthe effective length
related to the nano-object surface, Ly = (DL)'/* for nanorod
geometry).l””) These broadening contributions are expected to be
approximately the same for experiments on carbon substrates,
which are performed by depositing nano-objects stemming
from the same colloidal solutions and are also free from inter-
band transition induced SPR broadening. The large increase of
I' measured on carbon substrate can therefore be ascribed to its
absorbing nature (with thus AI7,, = 135 meV in Equation (1)), as
confirmed by the complete analysis presented below.
Longitudinal extinction spectra measured on individual gold
nanobipyramids with length and diameter in the L = 60-80 nm
and D = 20-30 nm range are presented in Figure 2. Similarly to
nanorods, analysis was performed by comparing single bipyra-
mids with the same 7 (Figure 2a) or L (Figure 2b) on carbon
and silica, or by plotting I' (L,g) for all measurements (Figure 2c).
The SPR red shift measured for nanobipyramids of same aspect
ratio is smaller than in the nanorod case (as illustrated by the
AAg = 25 nm shift of Figure 2a). For nanobipyramids on silica,
the average SPR width (A" = (135 *+ 20) meV) is the same as
for nanorods on silica in spite of larger dimensions, due to a
compensation of radiative damping (increasing with size) and
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Figure 1. a) Principle of single particle spatial modulation spectroscopy, based on far-field illumination with a strongly focused laser beam, periodic
modulation of nano-object position under the beam, and synchronous detection of the induced transmission change. b—d) Extinction spectra measured
for single gold nanorods (of length L and diameter D) on silica (blue squares) and carbon (red circles) substrates, with light polarization parallel to
their long axes. Comparison is done at same nanorod aspect ratio n = L/D = 3 (b), same SPR wavelength Az = 750 nm (c), and same effective length
Lgs= (LD)V? = 23 nm (d). In each case, the TEM image in inset shows the morphology of the nanorod investigated on the carbon substrate (red
spectrum), obtained after one-to-one correlation of the measured nanorod optical response with its electron microscopy image. Lorentzian fits
(Equation (2)) of these spectra are shown by solid lines. e) Widths T" measured for different single nanorods on silica (blue squares) and carbon (red
circles) substrates. The blue dashed line represents the size-dependent width previously measured for silica-encapsulated gold nanorods (with SPR

far from interband transitions).]

quantum confinement effects (decreasing with size), leading
to similar broadening contributions I + y.. However, the addi-
tional broadening effect due to carbon deposition is signifi-
cantly less pronounced than for nanorods, with average widths
of il" = (180 % 20) meV for bipyramids on carbon (leading to
filg,, = 45 meV) as compared to A" = (270 + 30) meV for
nanorods on carbon (Al =135 meV). This difference high-
lights the need for complete modeling of the optical response
of elongated nano-objects deposited on an absorbing substrate,

taking into account the details of their 3D geometry and
orientation.

2.2. Modeling of Extinction Spectra

As discussed in previous theoretical works, the extinction of a
light beam by a nano-object placed in an absorbing environ-
ment is the sum of three contributions: absorption within the
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Figure 2. a-b) Longitudinal extinction spectra measured for single
gold nanobipyramids on silica (blue squares) and carbon (red circles)
substrates for same aspect ratio 1 = 2.7 (a) and same Lz = 36 nm
(b). Lorentzian fits (Equation (2)) of these spectra are shown by solid
lines. TEM images of the nanobipyramids on carbon are shown in inset.
c) SPR widths measured for individual nanobipyramids on silica (blue
squares) and carbon (red circles) substrates. For comparison, the blue
dashed line represents the size-dependent width previously measured for
silica-encapsulated gold nanorods?”! (as in Figure 1).

nanoparticle, far-field scattering, and enhanced environment
absorption at the vicinity of the nano-object as a consequence
of local field effects.?”38 The extinction cross-section o, of a
nano-object in an absorbing medium is proportional to the dif-
ference between the local power losses due to the nanoparticle

(absorption and scattering) and the absorption ones in the same
nano-object volume filled with the environment medium.?”-3!
In order to qualitatively understand how the characteristics of
an absorbing environment affect the longitudinal SPR of an
elongated nano-object, it is helpful to first consider the simple
case of small nanoellipsoids in a homogeneous infinite medium
with dielectric constant €™ =1i,,. In the quasistatic regime (i.e.,
for nano-object size much smaller than optical wavelength),
when the SPR is located away from the interband transition
domain, the frequency dependence of o, is well described by
a Lorentzian lineshape (see Supplementary Information) char-
acterized by three independent parameters (integrated area Z,
central frequency Q = 27c/ Ay and spectral width I):

T/(2r)
(0-Qg) +(T/2)

1

Oen (W)=

(2)

The integrated area Z is proportional to the nanoparticle
volume, and Qp, and I are given by:

o ) ¢)

F:—f[sz +(——1)££”]

, L;
with @, plasma frequency and L; geometrical factors depending
on ellipsoid aspect ratio and light polarization. The SPR spec-
tral position and width are therefore directly affected by the real
(&) and imaginary (&) parts of the absorbing environment
dielectric constant €, respectively.

The optical response of carbon, i.e., its complex refrac-
tive index n® = m© + i n,C, is therefore a crucial input for a
quantitative analysis of the measured extinction spectra. Pre-
vious optical measurements on thin carbon films yielded
n,€=2.3 £ 0.3 (with a weak dispersion in the visible range).3**!
Much more scattered n,¢ values, in the 0-1 range, were
reported, possibly due to the different preparation methods
and structures (amorphous, diamond-like, nanocrystalline...)
of the investigated carbon films.}%*! In this work, instead of
using tabulated values, we directly extracted this parameter by
measuring light attenuation through the carbon membranes,
yielding n,¢ = 0.5 (see Figure S1 and text of the Supplementary
Information).

For a more detailed modeling, FEM simulations taking
into account actual nano-object shapes and their inhomoge-
neous environment, as well as finite-size effects (i.e., radiative
damping, retardation effects and multipolar contributions)
were performed (Figure 3 and Figure 4). As in previous reports,
nanorods were described as cylinders capped by hemispherical
ends (Figure 3a), while nanobipyramids were represented as
truncated bicones with hemispherical ends!™® (Figure 4a). Typ-
ical experimental sizes were used in simulations: L = 42 nm
and D = 14 nm for the length and diameter of nanorods, and
L=78 nm, D=29 nm and r = 4 nm tip radius for bipyramids.
Simulations were performed using Johnson and Christy dielec-
tric functions for bulk gold, [*? without including surface and
broadening contributions (I, = % = 0 in Equation (1)). A



=~
-
(&)}

1

A (nm)
850 800 750 70
L 1 L 1 1

red circles) and with ng = 2.3 (black squares)
shows that the real and imaginary parts of

1

b

—_
o
1

d

o, (x10° nm?)
o

s 0 =%

-\

O—“

ns predominantly impact SPR spectral posi-
tion and width, respectively, confirming the
simplified analytical calculations above
(Equation (3)). As expected, the impact of
environment on Ag and I' strongly depends
on the distance d separating the nano-object

\ and the membrane (Figure 3c and 4c). For

=il nanorods in contact with the membrane,

800

g (Nm)
N
S

700

300 +

200 -

AT (meV)

100

B S S e —

"5 10
d (nm)

o

Figure 3. a) Geometry used for optical FEM simulations: a horizontally oriented gold nanorod
(length L, diameter D) in a transparent medium (refractive index n,,) standing at distance d
from a membrane (refractive index n;) and illuminated by a vertically propagating plane wave
polarized along the long axis of the rod. b) FEM-computed longitudinal extinction spectra for a
L =42 nm, D=14 nm nanorod in a n,, = 1.3 medium and in direct contact (d = 0) with n;=1.45
(blue triangles), n;=2.3 (black squares) and n;=2.3 + 0.5i (red circles) 20 nm thick substrates.
The lines are Lorentzian fits (Equation (2)). c) d-dependence of SPR position A and width I"for
carbon substrate. d) Computed electric field distributions at SPR for carbon substrate (d = 0).

20 nm thick membrane with ng= 2.3 + 0.5i for the carbon sub-
strate and ng = 1.45 for the silica one was considered, together
with a local environment refractive index n,, = 1.3 (which takes
into account, consistently with experiments, the presence of
surfactants and/or water around the nano-objects?®¥)). Extinction
cross-sections were calculated from the computed electromag-
netic field distribution, defining Goy = Peu/l; = (P2 +Puca)/ L,
with [; the intensity of the plane wave transmitted through the
substrate and P,,; the rate of incident beam energy removal
induced by the particle.’”-38] The latter is decomposed as the
sum of the power absorbed in the nano-object P4* (computed
by volumic integration of Ohmic losses) and Py, which lumps
far-field scattering and modification of substrate absorption.
Quasi-Lorentzian o, spectra in the energy domain were
obtained, and fitted using Equation (2) (Figure 3b and 4b).
Comparison of calculations performed with substrate refractive
indexes of silica (ng=1.45, blue triangles), carbon (n;=2.3 +0.5i,

1.4 ' 1I.5 I 1i6 l 117 I 1.8 19
E (eV)

T substrate-induced SPR red shifts up to about
100 nm and broadening up to 200 meV are
expected (Figure 3c). The situation is more
complex for bipyramids, for which FEM
simulations reveal the strong impact of the
deposition angle o (Figure 4a). In this case,
much larger substrate effects are predicted
for maximally tilted (& = Oyer = atan((D-2r)/
(L-2r))) bipyramids than for horizontally ori-
entated (a = 0) ones (Figure 4b—d). In the
tilted configuration, the lateral surface of the
bipyramid is in contact with the substrate,
and red shifts and broadening are close to
those for nanorods.

These effects, weakly dependent on mem-
brane thickness in the 10-40 nm range, can
be qualitatively understood from the spatial
distribution of electromagnetic fields at SPR
(Figure 3d and Figure 4e-f), considering that
the longitudinal SPR of an elongated nano-
object is mostly sensitive to the local proper-
ties of the external medium at the vicinity of
its ends, where large electromagnetic fields
are generated. In the nanorod case, these
regions overlap with the carbon membrane
for small nano-object-substrate distance d
(Figure 3d). This induces a large SPR red
shift (as the real part of carbon is much larger
than the environment one) and broadening,
associated to strong local enhancement of
the membrane absorption[?% (Figure 3c). Tip
electromagnetic fields are more intense and localized for nano-
bipyramids, due to the smaller radius of their ends as com-
pared to nanorods. Therefore, significant penetration of large
fields in the membrane is achieved at the lowest end only for
large inclination (& = Q) and small d. For other values of o
and d, and in particular for horizontal orientation, this situation
is not expected to occur, leading to moderate SPR red shift and
broadening.

For gold nanorods, the experimental substrate-induced
broadening (Al = 135 meV) is obtained in simulations for
d = (1.5 = 1) nm, which is close to the expected thickness of
the CTAB surfactant layer around the gold nano-objects (about
2 nm[*3*]), The weak broadening measured for bipyramids is
compatible with that predicted for a bipyramid at the same dis-
tance from the carbon substrate with a horizontal configuration
(ax=0). This effect could also be achieved for a maximally tilted
orientation (& = O,4,), but only for a large distance between
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field distribution at SPR for a carbon membrane with d = 0 and a = 0. f) Same for o= Opq.

the nano-object and the substrate (d > 7 nm,
Figure 4c), which appears unlikely in view of
the actual surfactant layer thickness around
the nano-objects.

2.3. Electron Tomography

In order to extract information on the pre-
cise 3D orientation of the nano-objects with
respect to the carbon substrate, and therefore
yield both d and o parameters, we performed
3D electron tomography, a technique based
on the acquisition of a series of tilted 2D TEM
images combined with reconstruction algo-
rithms using Radon theory.[*546] Precise local-
ization of the substrate plane on the resulting
images was achieved through deposition of
small markers (5 nm gold nanoparticles),
which can be detected with high contrast in
electron microscopy (Figure 5a—). For all
the bipyramids investigated using electron
tomography, images indicate a horizontal
orientation (@ = 0) with a d = (2 £ 0.5) nm
nanobipyramid-substrate separation (Figure 5c),
of the order of the thickness of surfactant
coating layer.

Note that, on glass substrate, an inclined
bipyramid configuration was observed using
AFM height profile measurements in other
experiments.*’l This difference in orientation
can possibly result from differences in syn-
thesis and surfactant coating, but also from
different interactions of the nano-objects
with the substrate. A direct electron tomog-
raphy measurement of 3D orientation of
bipyramids on silica substrates would be very
interesting, but remains challenging (e.g. due
to charging of the silica membrane under
prolonged electron irradiation). However,
the precise 3D orientation of nano-objects
on transparent substrates only plays a minor
role for the specific broadening effects inves-
tigated here.

The direct comparison between a single
bipyramid extinction spectrum and FEM-
computed spectra on carbon, assuming
the horizontal configuration determined
using electron tomography, is presented
in Figure 5d. Simulations were performed
using TEM sizes and taking into account
all contributions discussed in Equation (1)
(including radiative, surface and substrate
effects and using I'y + I'em + 7 = 100 meV,
as deduced from previous experiments on
gold nano-objects!’®2734) and n,, adjusted
to precisely reproduce the SPR position
(with n,, = 1.3 for the TEM-determined hori-
zontal configuration, this value accounting
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Figure 5. a-c) Electron tomography analysis of the orientation of gold bipyramids deposited on carbon substrates, using small gold nanoparticles as
markers. a) TEM image of the analyzed zone at 0° tilt. b) 3D representation of the same region, obtained by applying a data segmentation procedure
to the reconstructed volume (gold nano-objects from the colloidal solution are in blue and markers in red). c) Lateral view of the 3D reconstructed
bipyramid and neighbor markers, demonstrating its horizontal orientation (& = 0) with d = 2 nm separation from the substrate. d) SMS extinction
spectrum (red circles) of a L =78 nm, D =29 nm and r = 4 nm gold nanobipyramid (dimensions deduced from the TEM image of this nanobipyramid,
shown in inset) and corresponding FEM calculations with same sizes using the horizontal 3D configuration (a=0and d =2 nm, red line). Also shown
are calculations with o= 0 and d = 0 nm (dashed red line, similar to previous one), and for a tilted bipyramid: & = o4 and d = 2 nm (solid black line)

nd o = Opqe and d = 0 nm (dashed black line).

in particular for the presence of the CTAB layer surrounding
the bipyramid). Comparison shows that the spectrum com-
puted for the horizontal orientation with d = 2 nm (solid red
line) is in good quantitative agreement with the experimental
one, displaying similar quasi-Lorentzian shape, area and width.
Interestingly, this agreement is obtained without including in
the modeling the charge transfer effects invoked in the analysis
of the scattering spectra of gold nanorods on graphene,/?!l sug-
gesting that these effects play a negligible role in our study. It
is maintained if a smaller d value is used in the calculations
(see dashed red line corresponding to d = 0 nm, almost overlap-
ping the previous one), which results from the weak sensitivity
on d of the SPR properties of a horizontal nanobipyramid due
to strong field localization at its tips (Figure 4c,e). Conversely,
the expected spectra for a maximally tilted bipyramid (black
lines) are broader than the experimental one for both distances
(d =2 nm, solid line and d = 0 nm, dashed line).

2.4. Extension to Au@Ag Nano-objects

To confirm the effect of 3D orientation and contact with an
absorbing substrate, additional optical and electron tomography
measurements were performed on silver-encapsulated gold
bipyramids, whose shape can be controlled from that of a bipy-
ramid toward that of a rod by varying the amount of silver in
the shelll*3! (see Figure 6 and Experimental Section for details
on synthesis). Two extinction spectra of single Au@Ag nano-
objects deposited on carbon with similar sizes but different shell
thicknesses (corresponding to 30% and 60% silver volume frac-
tion) are shown in Figure 6a. The electron tomography image
of the one presenting the thickest shell is shown in Figure 6b.
The longitudinal SPR position Ay is blue shifted upon silver
coating, due to modification of the nano-object metal dielectric
function (see simulations below) and in agreement with pre-
vious experimental reports on Ag-coated Au nanorods.[*8#° The
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Figure 6. a) Extinction spectra of individual Au@Ag nano-objects with thin (=30% volume fraction, red circles) and thick (=60% volume fraction, purple
open squares) silver shell on carbon substrates. The total length and diameter (= 135 and 35 nm, respectively) of the two nano-objects measured by
TEM differ by less than 5%. Solid lines are Lorentzian fits (Equation (2)). b) Electron tomography image of the Au@Ag nano-object with the thick
silver shell (purple spectrum in a). c) Mean SPR width measured for different single gold and silver-encapsulated nano-objects on carbon (red circles)
and silica (blue triangles). Empty symbols correspond to pure Au nano-objects (i.e., nanobipyramids and nanorods, the latter can be considered here
as gold bipyramids encapsulated with gold shell) and solid ones to silver-encapsulated gold nanobipyramids. The bulk-like Landau damping contribu-
tion I’y was subtracted to suppress interband broadening occurring when Az < 700 nm. d) FEM-computed SPR position (top) and width (bottom) of
encapsulated gold bipyramids (L = 80 nm, D = 20 nm, r = 4 nm) on carbon (red circles) and silica (blue triangles) membranes as a function of shell
volume fraction, for silver (solid symbols and lines) or gold (empty symbols and dashed lines) shells. e) Computed electric field distribution at SPR
for Au@Ag nanobipyramid in contact with carbon with a cylindrical silver shell with same L and D as the Au core (0.47 silver volume fraction), cor-
responding to a rod-like external shape.

presence of the silver shell induces a large broadening of 0.4
spectra, as compared to pure gold ones, increasing with silver
volume fraction (see Figure 6c, circles). For the thickest silver
coating (Figure 6a, purple open squares), I" is on average two
times larger ((320 + 40) meV) than for pure gold bipyramids
(180 meV), a value even exceeding the one measured for gold
nanorods (270 meV).

The large broadening observed on carbon membranes
when increasing silver coating may a priori be associated to

either a composition (i.e. addition of another metal) or a shape
effect, as Au@Ag nano-objects evolve from a nanobipyramid
to a nanorod shape with silver encapsulation (Figure 6b). In
order to disentangle these two mechanisms, similar experi-
ments were performed with the same nano-objects deposited
on silica. Apart from an expected interband broadening for
nanopyramids with the thickest shell (whose spectral posi-
tion Az = 620 nm is close to interband transitions, leading to
a wavelength-dependent increase of the bulk-like contribution



ATy = 60 meVI?3>3) no significant modification of the SPR
width upon silver coating was observed on silica (Figure 6c,
where Iy has been subtracted to I" for direct comparisons). The
absence of metal coating-induced effects on transparent sub-
strate suggests that the main mechanism at the origin of broad-
ening is an increased interaction with the absorbing substrate
due to nano-object shape evolution.

To confirm this hypothesis and estimate the impact of these
phenomena on Ay and I, we performed FEM simulations on
horizontally orientated gold bipyramids (morphology described
by L =80 nm, D =20 nm and r =4 nm, a high L/D ratio being
chosen to avoid interband SPR broadening), encapsulated with
silver or gold shells (leading in the latter situation to pure gold
nano-objects, thus permitting a selective study of shape effects).
Nano-objects with small shells were modeled as bipyramids
with the same L and D values as the core one but larger tip
radius of curvature r, yielding a nanorod shape for r = D/2 and
shell volume fraction = 47% (Figure 6d). Larger shells were
described by increasing L and D of the same amount (thus
modifying the aspect ratio of the nano-object). Comparison
between computations performed for Au@Ag and Au@Au
nano-objects indicates that metal composition affects A (silver
coating, solid symbols of Figure 6d, inducing as expected*849 a
supplementary blue shift of the longitudinal SPR as compared
to gold coating, empty symbols of Figure 6d) but does not sig-
nificantly modify I'. Conversely, increasing the shell (gold or
silver) volume fraction results in a large increase of I for nano-
objects deposited on carbon (circles of Figure 6d, bottom), as
compared to silica. This confirms that the large experimental
increase of I' on carbon membranes upon silver encapsulation
can be ascribed to the evolution of nano-object shape from a
horizontal bipyramid to a nanorod one. The latter shape results
in larger SPR width as discussed previously (Figure 1 and 2),
related to the larger penetration in the absorbing membrane
of the intense electric field regions (Figure 6e), similarly to
the nanorod case (Figure 3d). While theoretical trends are in
qualitative agreement with experiments, a more quantitative
comparison is however difficult due to uncertainties on the tab-
ulated dielectric functions of silver®® and on possible additional
chemical damping contributions in the presence of Au-Ag
interfaces.

3. Conclusion

In conclusion, comparing the optical responses of indi-
vidual nanorods and bipyramids deposited on a dielectric and
absorbing substrate, we have quantitatively investigated the
impact of the substrate on the SPR of a nano-object and high-
lighted the critical dependence on its shape, 3D orientation
and distance from it. This is a consequence of modification of
the local electromagnetic field around the nano-object, in the
vicinity of its tips in the case of an elongated one, which reflects
in the observed SPR characteristics. In particular, damping of
the SPR is larger for a rod than for a bipyramid deposited on
an absorbing substrate due to weaker localization of local field
enhancement in a rod, leading to larger enhancement of the
local field in the substrate and thus of its absorption. These
results are in excellent agreement with numerical simulations

using the nano-object morphology and position relative to the
substrate determined by electron microscopy. The key geo-
metrical parameters are the curvature of the object tips, which
rules the amplitude and localization of the electromagnetic
field, and their distance to the substrate, parameters that can be
determined using three dimensional imaging of both the nano-
object and the substrate with electron tomography. Sensitivity of
the SPR to these parameters stresses the importance of detailed
characterization of the investigated nano-object and local, i.e.
nanometric scale, environment when interpreting its optical
response. These results could also facilitate the conception of
efficient (i.e., avoiding significant performance degradation
by SPR broadening) plasmonic devices in absorbing environ-
ments, especially for nano-objects prepared on carbon sub-
strate, common in many nano-system fabrication procedures.

4. Experimental Section

Chemicals:  Tetrachloroauric acid (HAuCl, x 3H,0), tetraethy-
lorthosilicate (TEOS), absolute ethanol, NH,OH (29%), sodium
borohydride (NaBHy,), ascorbic acid (A.A.), silver nitrate (AgNO;), O-[2-
(3-mercaptopropionylamino)ethyl]-O’-methyl-poly (ethylene glycol) (PEG-
SH, Mw 5000), HCl (37%), and trisodium citrate were purchased from
Sigma-Aldrich. All chemicals were used as received. Milli-Q grade water
was used as solvent.

Synthesis of Gold Bipyramids: Gold bipyramids were prepared by the
seeded growth method previously reported in literature.’l Gold seeds
were prepared as follows: 300 pL of NaBH, (10 mM) were quickly added to
a solution of 0.125 mM of HAuCl, and 0.25 mM of Na;Cit under vigorous
stirring. Seeds (300 pL) were added to the growth solution (10 mL)
typically formed by CTAB 0.1 M, HAuCl, (0.5 mM), AgNO; (0.1 mM),
HCl (20 mM) and A.A. (0.8 mM) as mild reducing agent. The reaction
was kept at 30 °C during 2 hours. Bipyramids were washed by
centrifugation (8000 rpm, 20’) two times, the supernatant was discarded
and the precipitate was redispersed in water in order to have a CTAB
concentration of 1 mM. This approach allows production of bipyramids
with a ~80% yield, with spherical nanoparticles as by-products. The
as-prepared elongated Au nano-objects are capped with a dense bilayer
of amphiphilic molecules (CTAB), with a thickness of about 2 nm which
becomes increasingly sparse at the tips, as shown in a previous work.’2

Encapsulation of Gold Bipyramids with Silver: The growth of Ag on gold
bipyramids was carried out using a growth solution prepared with 0.1 mM
of gold bipyramids, 0.05 M of CTAB, ascorbic acid in a relation of [AA]/
[Ag"] = 20 and silver nitrate, whose quantity was varied in order to
produce different sizes of the silver shell around the gold bipyramids.
To start the silver reduction, 0.01 M NaOH was added until basic pH
(pH = 9), and the reaction was kept in a thermostatic bath during 2 h.
The obtained nanoparticles were washed by centrifugation (8000 rpm,
20') two times, the supernatant was discarded and the precipitate
was redispersed in water, yielding a CTAB concentration of 1 mM. To
avoid the oxidation of silver, a PEG coating was performed adding,
under soft stirring, a PEG-SH solution (1 mg/mL) to the washed Au@
Ag bipyramids. The reaction was kept overnight. To remove the excess
of polymer, further centrifugation (7000 rpm, 20') was performed, the
supernatant was discarded and the pellet was redispersed in ethanol.
Following this experimental procedure, the silver preferentially deposits
onto the lateral facets of the gold elongated nano-objects.’] This
phenomenon is assigned to the strong interaction between the silver
precursor and the counter-ion of the surface-adsorbed amphiphilic
surfactant (bromide ion from CTAB). The non-uniform CTAB distribution
along the gold surface favors the preferential deposition of silver on the
lateral facets and not at the tips. Consequently, the shape evolves from a
bipyramid to a nanorod for thick silver coating.



Spatial Modulation Spectroscopy: Colloidal solutions were spin-coated
on TEM grids with 50 x 50 pm? windows covered by either a =40 nm
thick silica or =20 nm thick carbon membrane, deposition parameters
being adjusted to yield <1 pm™2 nano-object density in order to permit
their optical separation. Low and higher magnification 2D TEM images
of the samples were taken before and after optical measurements,
respectively, in order to identify relevant, well-isolated individual nano-
objects without altering their optical response and to characterize
their morphology. Their extinction cross-sections were quantitatively
measured using spatial modulation spectroscopy (SMS). This technique
is based on modulation at frequency f of the position of a nano-object
in the focal spot of a tightly focused light beam. Modulation of the
transmitted light power is observed when a nano-object is present on
the path of the illuminating beam, with an amplitude proportional to its
absolute extinction cross-section o, (A) at the light wavelength A. The
spectrum and amplitude of o, can thus be determined.??4 The broadly
tunable source required for measurement of the spectra was provided by
a femtosecond Ti:Sapphire oscillator (pulse duration = 150 fs) associated
with a femtosecond optical parametric oscillator (OPO) working in the
visible. Using either the oscillator or the OPO, a light source tunable in
the 490-1040 nm range was obtained. Beam focusing was achieved by
a microscope objective (100x magnification, 0.75 numerical aperture),
yielding a focal spot size of =0.7 A (full width at half maximum of the
light intensity profile) close to the diffraction limit. The sample position
was modulated at f= 1.5 kHz and the transmitted light power detected
by a photodiode, its 2f component being extracted by a lock-in amplifier.
Light polarization was controlled using the combination of a quarter-
wave plate and a polarizer. For all the investigations reported here, it was
rotated to maximize extinction at the longitudinal SPR.

Electron Tomography (3D TEM): Acquisitions were performed on
a JEOL 2100F transmission electron microscope with a field emission
gun and a post-column GATAN Tridiem energy filter. The tilt series have
been recorded in an automatic manner using the GATAN tomography
software. In the bright field mode (for the Au bipyramid), the tilt series
was recorded by covering an angular range between —70° an +70° with
an increment of 2° following the Saxton scheme. The TEM images are
made of 2048 x 2048 pixels with a pixel size of 0.16 nm. No visible beam
damage was observed after the acquisition. For the HAADF-STEM (in
the case of Au@Ag core-shell bipyramid), the tilt series was acquired
using the ADF detector by tilting the specimen in the angular range of
+70° with an increment of 2.5° in the equal mode, thus giving a total
number of images of 60. The large inner radius chosen for the ADF
detector, 40 mrad, ensures a good proportionality between the intensity
of images and the mean atomic number. The gain of the ADF detector
was chosen to prevent saturation effects in the HAADF images during
the tilt series acquisition.
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