pubs.acs.org/journal/apchd5

Article

Colloidal Superstructures with Triangular Cores: Size Eﬀects on SERS
Eﬃciency
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ABSTRACT: The design of colloidal nanostructures as surface-enhanced
Raman scattering (SERS) substrates requires control over both structural and
optical characteristics. A widespread expectation is that the SERS eﬃciency
depends crucially on whether the plasmonic excitation matches the exciting
laser wavelength. However, also the balance between radiative (scattering)
and nonradiative (absorbing) properties plays a major role, regarding both
the eﬃciency of near-ﬁeld enhancement and the experimentally observed
signal intensity. We present a study of the inﬂuence of mode-excitation
matching and extinction characteristics for core/satellite superstructures,
comprising gold nanotriangles decorated with small gold nanospheres. The
variation of the core size and aspect ratio allowed tuning the main coupled mode between 700 and 800 nm, from oﬀ-resonant
through resonant at 785 nm, as well as tuning extinction contributions, from dominantly absorbing to dominantly scattering. We
observed additional gains of 1−2 orders of magnitude in signal enhancement, which were correlated to core size and diﬀuse optical
properties. Our ﬁndings indicate a competition between SERS enhancement and increased scattering losses in larger assemblies.
Thus, a balance of optical parameters is required for eﬃcient SERS and the development of assemblies as advanced sensing devices.
KEYWORDS: electric ﬁeld enhancement, ensemble plasmonics, self-assembly, diﬀuse-reﬂectance spectroscopy, enhanced spectroscopy,
small-angle X-ray scattering

S

colloidal dispersions of simple anisotropic nanoparticles, such
as nanorods20 and nanotriangles,21 exhibit higher brightness in
oﬀ-resonant conditions, which has been attributed to an
antagonistic interplay between SERS generation and extinction
losses.22 Hence, for eﬃcient SERS, not only the morphological
design, but also the concurring optical characteristics of the
dispersion must be taken into account. The extinction of the
sample, the total loss of light, is composed of the two diﬀuse
contributions of radiative (scattering) and nonradiative
(absorption) decay channels.23,24 The balance of scattering
and absorption predetermines the ability to generate SERS and
heat.25,26 Recently, we demonstrated that this balance can be
controlled for superstructures by the anisotropic shape and size
of the core NP.25 So far, several self-assembled morphologies
made of anisotropic cores decorated with small nanospheres
have been reported, including nanorods,25,27 cubes,28 cuboids/
rattles,29 nanoplates,30 and nanostars,31 among others.
However, the impact of the ratio of diﬀuse losses on the

urface-enhanced Raman scattering (SERS) provides the
basis for ultrasensitive sensing applications in a variety of
ﬁelds related to materials, energy, catalysis, and bioanalytics.1
In recent years, reliability and robustness have been recognized
as key challenges for quantitative SERS in practical use.2,3 This
involved a shift of focus toward a quantitative understanding of
the relationships between SERS eﬃciency and optical properties, in particular for complex-shaped nanoparticles (NPs) and
superstructures composed thereof.4,5 Engineering of plasmonic
colloids for SERS brightness through composition and design
is driven by the quest for the most eﬀective structural
parameters.6 Strategies for high SERS brightness include
bumpy,7,8 branched,9 cluster-encased,10 and undulated11,12
particle surfaces and tips,13 obtained by either metal overgrowth or adsorption of smaller NPs onto the surface of a core
NP. Assemblies comprising larger core NPs decorated by a
monolayer of smaller NPs are commonly referred to as core/
satellite superstructures.14,15
The modular nature of such superstructures provides a
versatile handle toward tailoring the size and shape of the
building blocks, as well as the curvatures16 and spacing17 of the
gaps between them.18 SERS brightness is expected to peak
when excitation matches the plasmon resonance, as supported
by experimental observations and electromagnetic simulations
on the single-particle level.19 In practice, however, even
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Table 1. Structural and Optical Properties of Superstructures and their Triangular Coresa
nanotriangle cores
sample

code

LTEM/nm

AuNT55×33/Au16
AuNT86×52/Au16
AuNT104×62/Au16
AuNT128×71/Au16
AuNT137×75/Au16
AuNT160×77/Au16

I
II
III
IV
V
VI

55 ± 4
86 ± 4
104 ± 5
128 ± 6
137 ± 5
160 ± 5

superstructures

TSEM/nm

stip/%

L-LSPR/nm

coverage/%

±
±
±
±
±
±

16 ± 6
11 ± 4
12 ± 6
7±4
8±7

593
606
635
667
687
712

30
24
22
20
19

1.5
1.4
1.4
1.6
1.6

b

b

33
52
62
71
75
77

4
5
5
4
3
3

b

gap size/nm

CL/nm

±
±
±
±
±

718
727
744
759
782
794

0.5
0.5
0.5
0.5
0.5

a

Average edge length LTEM and thickness TSEM evaluated by TEM and SEM image analysis, respectively, and average tip rounding stip by SAXS
analysis (see ref 21) of NT cores; satellite coverage and core-to-satellite spacing of superstructures; and extinction maxima before (L-LSPR) and
after assembly (CL). bSAXS data for AuNT160×77 and AuNT160×77/Au16 could not be evaluated because of a high ﬁtting uncertainty, possibly
due to particle sedimentation during data recording time.

SERS eﬃciency is not suﬃciently understood. We hypothesize
that the size of the anisotropic core determines the balance
between absorbing and scattering contributions and that such
loss characteristics are closely linked to the practical SERS
eﬃciency of these superstructures. The quantiﬁcation of these
contributions is not straightforward because standard UV/vis/
NIR transmission spectroscopy only provides information on
the total extinction but cannot distinguish between the origin
of the diﬀerent losses. For superstructures dispersed in a liquid,
the ensemble-averaged spectral losses can be measured by
diﬀuse reﬂectance spectroscopy using an integrating sphere, as
recently reported.15
Here we explore the SERS eﬃciency of anisotropic
superstructures with triangular cores, based on the competitive
interplay between morphological design and the corresponding
optical properties. Gold nanotriangles with sizes ranging from
55 to 160 nm were decorated with small 16 nm gold
nanospheres (Table 1). The choice of nanotriangles as cores
derives from (1) their relatively high intrinsic SERS brightness
per mole Au (104−105 mM−1); (2) the adjustability of their
longitudinal LSPRs by aspect ratio; and (3) the pronounced
increase of their scattering properties with overall size.21,32 The
obtained superstructures demonstrate a transition from
dominantly absorbing to dominantly scattering, along with a
transition of the main coupled mode from oﬀ-resonant to
resonant (with respect to laser excitation at 785 nm). An
additional gain of 1−2 orders of magnitude in SERS intensities
is demonstrated and discussed, as a function of core size,
optical characteristics, and detrimental extinction losses for
assemblies with large core sizes.

Figure 1. Anisotropic superstructures with triangular cores: (a)
Schematic illustration of the adsorption of small P(SS-co-MA)-coated
nanospheres (satellites) onto MUTAB-functionalized nanotriangles
(cores), yielding anisotropic superstructures. (b) Representative TEM
images (scale bars are 100 nm). (c) Photograph and (d) normalized
UV/vis/NIR extinction spectra of AuNT55×33/Au16 assemblies
(grayish blue) compared to its building blocks (blue: AuNT55×33
nanotriangles; red: 16 nm nanospheres). (e) Spectral losses of the
assembly, showing contributions of absorption (blue) and scattering
(red) to the total extinction (dashed black line), measured by diﬀusereﬂectance spectroscopy.

the SH group onto gold. The ﬁrst ligand exchange step was
chosen to ensure a complete removal of the aromatic ligand
BDAC from the particle surface. BDA+ and CTA+ molecules,
which are believed to form a mobile bilayer at the Au surface,
are useful for colloidal stabilization, but for the assembly of
robust superstructures a monolayer of MUTA+ molecules is
preferable.25 For the satellite particles, 16 ± 2 nm sized
nanospheres (AuNSs) were synthesized using the citrate
reduction method developed by Turkevich et al.33 and coated
with a negatively charged polyelectrolyte, P(SS-co-MA), which
is a copolymer of 4-styrenesulfonate (SS) and maleic acid
(MA). After coating, both building blocks were washed several
times with pure water to avoid interference from unbound
ligands during the assembly process. This cleaning is a critical
step, as MUTA+ provides a weaker stabilization to AuNTs
compared to other ligands such as CTA+ and BDA+ at
appropriate concentrations (>CMC). To avoid aggregation,
especially with larger AuNTs, concentration by natural
sedimentation is preferred to centrifugation, even though it
takes more time. Colloidal stability of the building blocks, i.e.,
the absence of aggregated species, was conﬁrmed by UV/vis/
NIR spectroscopy prior to the self-assembly step (Figure S1,
Table S1).

■

RESULTS AND DISCUSSION
Self-Assembly of Superstructures with Triangular
Cores. For the modular assembly of superstructures, we
used a recently reported method, based on the electrostatic
attraction of oppositely charged NPs as building blocks (Figure
1a).25 Gold nanotriangles (AuNTs) of six diﬀerent dimensions
(edge length LTEM × thickness TSEM), namely, AuNT55×33,
AuNT86×52, AuNT104×62, AuNT128×71, AuNT137×75,
and AuNT160×77, were prepared by seeded growth using 3butenoic acid as the reducing agent (Table 1).21 These
particles were then functionalized to maintain a positive
surface charge, by means of a two-step ligand exchange. First,
the ligand benzyldimethylhexadecylammonium chloride
(BDAC), used in the synthesis, was exchanged against
cetyltrimethylammonium chloride (CTAC). Second, CTAC
was replaced by 11-mercaptoundecyl trimethylammonium
bromide (MUTAB), driven by the high binding aﬃnity of
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After mixing the building blocks, negatively charged satellites
(AuNSs) adsorbed onto positively charged cores (AuNTs) and
formed core/satellite colloidal superstructures (Figure 1b). A
high excess of satellites (1000:1) was used to promote the
saturation of nanotriangles with spheres and to minimize
bridging between nonsaturated superstructures. The transmission electron microscopy (TEM) images suggest a high
satellite coverage, close to saturation. After assembly, the
superstructures were treated with a dilute solution of P(SS-coMA) to improve their long-term stability (Figure S2) by
eliminating residual positive charges at the remaining free core
surface between adsorbed satellites.
As expected, the formation of superstructures had a dramatic
eﬀect on the optical properties. Originally the dispersion of the
AuNT55×33 cores showed a bright blue color, but after
decoration with nanospheres (whose dispersion showed a
wine-red color) the dispersion of the cluster particles turned
grayish-blue (Figure 1c). This optical change stems from a
pronounced red-shift of the main plasmon resonance, from 593
nm to 718 nm (Figure 1d). The spectral ﬁngerprint of these
superstructures contains contributions of modes at around
510−540 nm (tertiary), 588 nm (secondary), and 718 nm
(primary). The origin of these modes will be addressed in a
later section about plasmon coupling.
To distinguish between light extinction by absorption and
scattering, we performed diﬀuse-reﬂectance spectroscopy using
an integrating sphere,26 thereby revealing the underlying loss
characteristics, as previously reported for various morphologies.15,25,34 The results are exempliﬁed in Figure 1e, which
reveals that all modes of the AuNT55×33/Au16 assemblies are
predominantly absorbing (blue) with low scattering losses
(red). This observation further supports the hypothesis that
appropriate anisotropic cores provide access to dominantly
nonradiative coupled modes.25 In the following, we show that
the position of the coupled modes, as well as the scattering-toabsorption ratio, can be ﬁne-tuned through the size of the core.
Variation of Core Size. Starting from the motivation to
shift the position of the main coupled mode in a controlled
way, we varied the size of the nanotriangle cores, between 55
and 160 nm in edge length and 33 to 77 nm in thickness, as
determined by TEM and SEM image analysis (Table 1).21 The
size of the satellite particles was kept constant for all
assemblies. Figure 2 gives an overview of the various
superstructures of diﬀerent core sizes that were prepared for
this study. The modularity of the assembly approach is
evidenced by TEM images shown in Figure 2a−f (for SEM
images, see Figure S3). The UV/vis/NIR spectra demonstrate
three spectral features and a pronounced red shift of the main
coupled mode with increasing core size (Figure 2g−l).
Regarding the application in SERS, the location of the
coupling mode and its spectral mismatch with respect to the
excitation wavelength plays a major role. We chose to perform
SERS experiments at 785 nm, a technologically relevant
wavelength for optical sensing and biomedical applications,
within the NIR transparency region of water and hemoglobin.35 According to the spectral mismatch of the primary
coupled mode (for 785 nm excitation), the superstructures can
be classiﬁed as follows: (1) strongly to slightly blue-shifted, oﬀresonant (AuNT55×33/Au16, AuNT86×52/Au16,
AuNT104×62/Au16, AuNT128×71/Au16); (2) resonant
(AuNT137×75/Au16); and (3) slightly red-shifted, slightly
oﬀ-resonant (AuNT160×77/Au16). In addition, the diﬀusereﬂectance data show a clear transition of the primary coupled
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Figure 2. Optical properties of superstructures with diﬀerent core
sizes: (a−f) Representative TEM images (scale bars are 100 nm); (g−
l) normalized UV/vis/NIR extinction spectra of the superstructures
(gray) and their corresponding building blocks (blue: nanotriangles;
red: nanospheres); (m−r) spectral losses of the superstructures,
showing contributions of absorption (blue) and scattering (red) to
the total extinction (dashed black line), measured by diﬀuse
reﬂectance spectroscopy.

mode, from predominantly absorbing to predominantly
scattering with increasing core size (Figure 2m−r).
These results suggest that the radiative character of
anisotropic assemblies can be tailored by selecting the
appropriate core size. Therefore, we compared the optical
properties of superstructures with those of their cores and
concluded that, the larger the core, the smaller the red shift,
ranging between 125 nm for the smallest and 82 nm for the
largest assemblies (Figure 3a). When it comes to diﬀuse losses,
both the cores and the assemblies follow the general
expectation that larger structures scatter more (Figure 3b).
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Figure 3. Optical changes due to variation of core size: (a) LSPR
maxima and corresponding (b) balance of scattering to absorption
(Sca/Abs). Dashed lines serve as guides to the eye.

However, the superstructures exhibit a higher absorption
component across all sizes. This is due to the presence of the
small satellites, which exhibit almost no scattering (Figure S4).
Details on diﬀuse reﬂectance experiments and data evaluation
are provided in Section SI.2 (Figures S5 and S6).
Structural Characterization. Prior to a detailed analysis
of the optical response, it is important to characterize the
structural features of the core/satellite ensembles. Although
SEM images allow a qualitative assessment of the satellite
coverage, the quantiﬁcation of the satellite coverage and core−
satellite distances requires the use of accurate ensemble-level
techniques such as small-angle X-ray scattering (SAXS).
Because of the intricate morphology of the nanotriangle core,
analytical solutions, such as “adsorbed micelle” 36 or
“raspberry”37 models, fail to correctly represent the scattering
signature of such anisotropic superstructures. Therefore, we
applied atomistic numerical modeling, which allows us to
calculate X-ray scattering by arbitrarily shaped 3D structures,
comprising randomly distributed scattering centers, using
Debye’s scattering equation (see Section SI.3, eq S1).
Figure 4a shows the experimental SAXS scattering data ﬁtted
by the 3D models of superstructures (black) and nanotriangle
cores (gray). The scattering proﬁle of the triangular cores is
poor in features, especially for larger NT dimensions.21 For
assemblies, however, additional scattering features arise that
are characteristic for the presence of spherical NPs in close
proximity to the NT surface (q-range >0.7 nm−1).15,25 In
addition, the highlighted q-range of 0.2−0.7 nm−1 contains
structural information about the satellite coverage and core−
satellite distances. The analysis consists of two steps: ﬁrst, the
scattering of the core is evaluated to obtain its four main
structural parameters (edge length, dispersity in edge length,
thickness, and dispersity in thickness), as reported recently;21
these parameters are then used to determine the best-ﬁt model
for the superstructure by a brute-force approach, for which all
combinations of the two independent parameters (satellite
number and core−satellite gap size) are systematically
calculated. The result is a mapping of the mean-squared
error (MSE) inside the free-parameter space as exemplarily
shown for AuNT104×62/Au16 assemblies in Figure 4b. The
domain of lowest MSE indicates the best ﬁt (black rectangle),
from which the surface coverage (22 ± 2%, Figure 4c) and the
core−satellite gap size (1.5 ± 0.5 nm, Figure 4d) are evaluated.
Table 1 gives an overview of the evaluated parameters (for
further details and analyses of the other assemblies, see Section
SI.3). The comparison between the diﬀerent superstructures
shows uniform core−satellite distances in the range of 1−2
nm, which is a crucial parameter regarding the near-ﬁeld

Figure 4. Structural characterization by SAXS analysis: (a)
Experimental (dots) and modeled scattering data (lines) for
superstructures (black) and nanotriangle cores (gray); for detailed
views, see Figure S7. (b) Exemplary analysis of the AuNT104×62/
Au16 assembly: MSE mapping of the free-parameter space by
atomistic 3D modeling. The black rectangle marks the best ﬁt, i.e., the
lowest MSE. The maximum satellite coverage is limited by jamming
(dashed line). Cross sections for variations in satellite coverage (c)
and core-to-satellite distance (d) at the global minimum (domain of
lowest MSE) were ﬁtted with Gaussian curves (gray), as guides to the
eye.

enhancement. Because this spacing is mainly determined by
the thickness of the particle coatings, it should be the same for
all samples, regardless of the core size, as experimentally
proven by the core-independent position of the respective
feature in the scattering proﬁle (0.2−0.7 nm−1).
The overall surface coverage is in the range of 19−30% and
seems to decrease with increasing core size. This parameter
reﬂects the average occupied area, given by the number of
satellites and their cross-sectional footprint, to the estimated
total surface of the core.25 The maximum coverage is limited
by steric hindrance during the random sequential adsorption.
On ﬂat surfaces, the so-called jamming limit is around 54.7%,
which is signiﬁcantly lower than for hexagonal close packing.
For faceted core particles, however, the coverage is even lower,
since the satellites situated close to edges of ﬂat sections
sterically hinder the adsorption at adjacent sections (Figure
S8). Thus, prismatic triangular cores with a core−satellite
spacing of 1.5 nm exhibit jamming limits of approximately 35−
40%, depending on dimensions and edge rounding, as
determined by Monte Carlo simulations (Figure S9). For
more details on surface jamming on an anisotropic core, please
refer to Section SI.3. That the theoretical limit was not reached
may be explained by additional repulsive interactions between
satellite NPs due to their negative charge, especially at
noncurved interfaces. This is supported by the SEM images,
which show clearly separated particles at the top faces of the
cores (Figure S3).
Plasmon Coupling in Superstructures with Triangular
Cores. The plasmonic interactions between core and satellites
were studied by electromagnetic simulations, building on the
structural data obtained from SAXS. The core was modeled as
1842
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Tip sharpness is a key parameter for hotspot generation. For
this reason, we carried out simulations in which the tip
geometry was systematically varied. Tip rounding values
between 5% and 30% were considered. By stepwise increasing
tip rounding, we followed the morphological transition from
triangle to round disk,38 while keeping the cross-sectional area
constant (30.5/4 L2 = πr2, L = 100 nm, r = 37 nm). Figure 6
shows the inﬂuence of tip sharpness on hotspot distribution
and strength. For individual nanotriangles, it can be seen that
the near-ﬁeld enhancement is strictly conﬁned to the tip apex
and quickly decays for dull tip geometries (Figure 6a). In
superstructures, the bonding interactions between satellites
and core (tips) allow for a higher robustness against tip
rounding (Figure 6b). Shown in Figure S13 are the complete
ﬁeld maps. The tip rounding of NT cores, used for assemblies,
was evaluated to be between 7% and 16% (see Table 1).21 In
this regime, the satellite−tip interaction is prominent, with
multiple hotspots around the apex. For an stip of 10−15%, the
separate hotspot domains clearly stand out against the further
distant secondary hotspots. The basic characteristics of
plasmon coupling within the assemblies is almost unaﬀected
by changes in the core geometry (Figure 6c, Figure S14). In
any case, the typical orientation of the satellite particles guided
by the polarization of the core can be seen.15,25 Consequently,
superstructure formation provides more robust hotspots and
promotes the overall generation of SERS.
Correlation of SERS Performance to Core Size and
Optical Properties. To investigate the additional gain in
SERS enhancement, as predicted by the electromagnetic
simulations, we used 4-nitrothiophenol (NTP), a nonresonant
Raman marker with high binding aﬃnity to the gold surface.
Since our main objective was to compare the SERS eﬃciency
of the prepared superstructures in a close-to-application
scenario, we adjusted all dispersions to the same gold
concentration (Au0, 0.25 mM), as determined spectroscopically.41 Without NTP, the unlabeled particles show weak
signals that can be assigned to the surface chemistry of the
building blocks (Table S3).25 However, these background
signals are signiﬁcantly less intense than the ones of the
aromatic marker NTP. Figure 7a compares the SERS spectra

a triangular bifrustum, a symmetrically truncated triangular
bipyramid of beveled sides (protruded {100} facets) with
rounded edges and tips (Figure S11).
Figure 5a compares the plasmonic modes of an idealized
AuNT100×60 core with and without an orbit of satellites. The
superstructure’s coupled modes (CT, CL) are red-shifted with
respect to their primitive modes (T, L). These coupled modes
arise from strong bonding interactions between satellites and
core, as demonstrated by a reorientation of their induced
dipole moments toward the dominant surface charges of the
core particle (for detailed information, see Section SI.5). The
plasmon coupling within anisotropic three-dimensional multisatellite superstructures can be conceptually broken down into
distinct coupling scenarios, which correspond to simpliﬁed
hybridization schemes (Figure S12), as recently reported for
assemblies with nanorods as cores.25 For both core and
superstructure, the longitudinal (low-energy) modes are
energetically degenerated and correspond to two equivalent
eigenmodes (Figure 5b), either tip-to-tip (L1, CL1) or tip-toedge polarization (L2, CL2).38−40 In other words, the
longitudinal optical response is independent of the orientation
of the ﬁeld of excitation, but the resulting distribution of
surface charges is not. Thus, the orientation of the polarization
is decisive for the location and intensity of the hotspots of the
electric ﬁeld E. The superposition of eigenmodes (by eq S7)
yields the orientation-averaged distribution of hotspots,
indicating that all tips are equally “hot” with respect to nearﬁeld enhancement (Figure 5c). It is to be expected that not all
core−satellite gaps contribute equally to the overall enhancement. In fact, only a few gaps near the tips stand out and
exhibit hotspots of signiﬁcantly higher ﬁeld intensities. More
distant gaps oﬀer only marginal enhancement gains, and it is
fair to neglect their contributions. Nevertheless, since the few
extrinsic hotspots, formed inside gaps near the tips, are more
than 1 order of magnitude stronger than the intrinsic ones of
the bare core, the superstructures should have superior SERS
performance.

Figure 5. Plasmon modes and hotspot formation: (a) Calculated
primitive modes (top) of a triangular AuNT100×60 core and coupled
modes (bottom) of a AuNT100×60/Au16 superstructure for
transversal (gray) and longitudinal excitation (black). (b) Surface
charge densities and electric-ﬁeld conﬁnements of the degenerated
low-energy eigenmodes excited at 785 nm, under tip-to-tip (1, left)
and tip-to-edge (2, right) polarization. (c) Orientation-averaged
distribution of hotspots calculated by mode superposition (eq S7),
indicating the formation of additional hotspots of increased ﬁeld
intensities in the superstructure, near the tips of the triangular core.

Figure 6. Electric-ﬁeld conﬁnement as a function of tip sharpness:
hotspot intensity and distribution of triangular cores (a) and
superstructures (b), for increasing tip rounding stip (from left to
right); (c) surface change density distributions of the corresponding
bonding modes (CL2) for the morphological transition from
nanotriangle- to nanodisk-based superstructures (see Figures S13
and S14, for details).
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molecules on the diﬀerent-sized cores and their respective
assemblies (Table S6). Here the key questions are at which
regions of superstructures do analyte molecules adsorb and to
what extent do these regions contribute to the overall SERS
response. The surface ratio of core to satellites varies between
1:1 for the smallest assemblies and 2:1 for the largest, as
estimated by eq S5. However, adsorbing NTP molecules
compete with existing MUTA+ ligands for the available core
surface. In addition, ligand replacement is driven by an
equilibrium shift that requires a higher binding aﬃnity or
excess concentration.43−45 Neither is the case here. It is
therefore fair to expect that the MUTA+-coated cores will have
a diﬀerent coverage of the Raman reporter (which was added
at the end) than the P(SS-co-MA)-coated satellites. Ultimately,
it is of secondary importance whether the core or the satellites
provide higher coverage, as long as the reporter molecules are
located in the primary hotspots (at core−satellite gaps near the
tips, Figure 5c) and thus beneﬁt most from the high local ﬁeld
enhancement. Secondary hotspots of more distant gaps
contribute, as discussed above, only marginally to SERS
generation and thus to the experimentally determined AEFs.
The resulting AEF values range between 0.6 and 3.1 × 103
for the bare cores and (0.5−1.1) × 105 for the superstructures
(Figure 7b, Tables S4 and S5), with small variations between
the vNO2 (cyan) or the vCC,ar. signals (magenta). To quantify
the additional gain in enhancement, obtained from decoration
with nanospheres, we calculated the decadic logarithm of the
diﬀerence in enhancement (AEF) of assemblies and bare cores,
in analogy to (electronic) signal ampliﬁcation.

obtained for superstructures with diﬀerent core sizes, with
(black) and without (gray) NTP.
The characteristic spectral signature of NTP is clearly visible
and allows for quantiﬁcation of the analytical enhancement
factor (AEF) as a benchmark for SERS performance.42 For this
purpose, we compared the experimental SERS intensities
(ISERS) obtained for an NTP concentration of 1 μM with the
nonenhanced molar Raman cross sections (IRS/cRS), determined from reference solutions below the solubility limit
(Figure S18), keeping all other experimental parameters such
as laser power (70 mW) and integration time (10 s) the same
(see Section SI.0).
AEF =

ISERS c RS
IRS cSERS

Article

(1)

As eq 1 is only valid for a submonolayer of analyte molecules,
we calculated the maximum number of adsorbed NTP

log(ΔAEF) = log(AEFassembly ) − log(AEFcore )

(2)

Figure 7c depicts the gains in enhancement corresponding
to 1−2 orders of magnitude depending on core size.
Apparently, the gain is greatest for those assemblies with
cores of low initial enhancement factors, i.e., the smallest and
largest core sizes. However, even assemblies of cores with high
initial SERS performance exhibit increases by a full order of
magnitude.
Surprisingly, the best performing core (AuNT104×62) is
also the best performing superstructure (AuNT104×62/
Au16). This ﬁnding is remarkable because their optical
properties diﬀer signiﬁcantly. Regarding mode matching, the
core is far more blue-shifted (635 nm vs 744 nm, Table 1)
compared to the 785 nm excitation. Figure 7 shows the AEF
values plotted against the spectral mismatch of the excited
mode, which highlights the lack of correlation between cores
and assemblies. Thus, the enhancement is not a simple
function of the spectral oﬀset, but additional contributing
parameters should be taken into account such as the particle
morphology and diﬀuse losses. Concerning the morphology, a
central criterion for near-ﬁeld enhancement of nanotriangles is
their tip sharpness, i.e., the local radius of curvature at the tip
ends. In our study, we can safely assume that the tip sharpness
of cores and superstructures does not diﬀer. Also, the gap sizes
between core and adsorbed satellites were found not to show
signiﬁcant diﬀerences (see Table 1). Consequently, it might be
helpful to take a closer look at the impact of optical properties
on the measurement of SERS.
The SERS measurement from a more general perspective
consists of two processes: (1) the generation of Stokes photons
(Raman scattering of lower energy than the exciting light) and
(2) their detection, i.e., the travel of these photons through the
dispersion medium until potentially reaching the detector.

Figure 7. SERS brightness of superstructures: (a) SERS spectra of
superstructures, excited at 785 nm, before (gray) and after adsorption
(black) of 1 μM NTP. The stretching vibrations of the NO2 group
(1327 cm−1, magenta) and the phenyl ring CC,ar. (1570 cm−1, cyan)
are highlighted. (b) Analytical enhancement factors (AEFs) of the
superstructures (dark colors) and their respective nanotriangle cores
(light colors). (c) Gain in enhancement log(ΔAEF) of 1−2 orders of
magnitude by assembly. Correlation of the AEF values to the spectral
mismatch (d) of the excited plasmonic modes to the laser wavelength
and to their balance of scattering and absorption (e). Lines serve as
guides to the eye. All samples contained equimolar amounts of Au0
(0.25 mM).
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scattering losses, this does not allow the direct conclusion that
the smallest structures oﬀer maximum enhancement, as we
have shown. The latter would only apply if the inherent SERS
activity was identical in all compared structures. However, this
is not the case. Even in the theoretical absence of any
extinction losses, it can be expected that there is an optimal
structure for SERS generation, e.g., sharp tips/corners and
mode matching of LSPR to excitation. This optimal structure
does not necessarily have to be the one with the smallest
dimensions. We emphasize that the experimentally measured
SERS performance represents an eﬀective value resulting from
the diﬀerent beneﬁcial and detrimental contributions during
the measurement. We demonstrate here a ﬁrst case where best
SERS performance for single particles as well as superstructures was clearly correlated to their complex optical
properties, that is, their diﬀuse losses. As a result, we could
show that the balance of the radiative character is crucial for
the design of superstructures for high SERS eﬃciency.

However, the latter is not without its problems, as absorption
or scattering losses may have a negative impact on the overall
eﬃciency of SERS. This competition of SERS enhancement
and extinction losses was recently reported by Bhargava,
Carney, and Murphy et al.20,46,47 Although they used a Raman
setup in transmission instead of reﬂection geometry, in both
scenarios only Stokes photons that avoid detrimental
extinction processes may contribute to the detected intensity.
Consequently, the measured SERS intensities and thus the
obtained AEF values cannot be expected to represent the true
enhancement capabilities of the individual superstructures.
Rather, they describe the interplay of beneﬁcial and
detrimental eﬀects based on the complex optical properties
of these SERS-active dispersions. In this context, it seems
reasonable that both the cores and assemblies with a balanced
ratio of scattering to absorption of approximately 1−2 exhibit
the highest SERS enhancements, regardless of their spectral
oﬀset.
Because our intention was to investigate the inﬂuence of the
core in a systematic manner, we chose small satellites with
small to no scattering contributions. Mie theory predicts that
small nanospheres below 10 nm in diameter can be considered
ideal absorbers, whereas above 20 nm their scattering becomes
dominant (Figure S16). A general expectation is that larger
satellites could contribute to improving SERS performance,
which is not always fair to assume. The satellite size determines
the maximum number of adsorbed particles (per core) and the
homogeneity of the satellite distribution. Both parameters are
important for hotspot generation. While this plays less of a role
on a spherical core,15 the situation is more complicated on an
anisotropic core.25 Nanotriangles exhibit primary hotspots at
the tips, and only if a satellite is located there, is the ﬁeld
further increased. With increasing satellite size, attachment to
“sharp” tips becomes more diﬃcult due to (electro)steric
hindrance and adhesive limitations. Adhesion to regions with
ﬂat areas provides greater stability, which would eventually lead
to less populated regions near tip/corners, having in turn a
detrimental eﬀect for SERS performance. Therefore, the size
range for suitable satellites is limited to smaller diameters
(similar to the tip curvature of approximately 10−15 nm). For
this reason, a satellite size of 15 nm seems ideal to stay just
below the theoretical scattering threshold (Figure S4) and
allow for high satellite population at the tips. Furthermore, we
performed simulations to estimate the inﬂuence of the tip
geometry on the diﬀuse losses (Figure S15). It can be seen that
tip sharpness has a relatively small inﬂuence on the scattering
and absorption contributions. However, this was to be
expected, since the particle size (mainly the core size)
predominantly sets the scattering character of the assembly,
as we have shown.
We can thus conclude fundamental guidelines for SERSactive dispersions and tailoring of the radiative balance of
colloidal superstructures. Our results show that assemblies with
large cores yield a reduced SERS performance, which can be
attributed to the two main processes: (1) SERS generation:
Larger assemblies yield less SERS enhancement because at a
given concentration of Au0, the relative particle concentration
(Figure S19ef) and thus the eﬀective number of hotspots per
volume are lower. (2) SERS detection: Extinction losses by
pronounced scattering (Figure S19bd) reduce SERS eﬃciency
and thus should be avoided. Notwithstanding, caution is
required here to avoid drawing the wrong conclusions.
Although it is true that larger structures suﬀer from higher

■

CONCLUSION
We demonstrated that the formation of superstructures with
triangular cores decorated with spherical particles signiﬁcantly
improves the SERS performance, both in terms of overall
signal ampliﬁcation as well as robustness against excitation
mismatch. Both eﬀects are due to the formation of extrinsic
hotspots in the core−satellite gaps at the nanotriangle tips.
This additional gain of 1−2 orders of magnitude in SERS
intensities was found to be a function of the core size.
However, the eﬃciency of SERS was aﬀected by a competitive
interplay of morphological design and consequent optical
properties. Clear guidelines arise from the correlation of the
superstructures’ radiative character with their SERS performance. By increasing the core size, the primary coupled mode
can be tailored to coincide with the wavelength of SERS
excitation. But the conditions for best SERS enhancement
cannot be obtained directly from the extinction spectra in
general,48 as previously assumed. Thus, we propose that the
experimental quantiﬁcation of absorption and scattering
properties by diﬀuse-reﬂectance spectroscopy will be a valuable
tool to improve our understanding of the SERS eﬃciency and
scaling rules49 of plasmonic colloids on an ensemble level.
Today’s methods of correlative and multimodal micro(spectro)scopy (such as micro-Raman, dark-ﬁeld scattering,
photothermal heterodyne imaging, 3D electron tomography,
just to name a few)4,14,19,23 provide an unprecedented insight
into the optical properties and structure−property relations on
the single-particle level. A quantitative understanding of the
complex optical properties on the ensemble level could help to
bridge the gap between single-particle properties and their
eﬃcient SERS applications. In this respect, we demonstrated
that larger assemblies inherently suﬀer from lower suitability
for SERS application because of their dominant radiative
(lossy) character, reducing the signal yield. Consequently, a
balance of optical parameters is required for eﬃcient SERS
measurements. These principles may serve as a foundation for
the development of assemblies as advanced sensing devices and
particle-based SERS analytics.
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