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Abstract
This Letter describes how gold pyramidal nanoshells (nanopyramids) can be assembled into low-
and high-order structures by varying the rate of solvent evaporation and surface wettability.
Single-particle and individual-cluster dark field scattering spectra on isolated, dimers and trimers
of nanopyramids were compared. We found that the short wavelength resonances blue-shifted as
the particles assembled; the magnitude of this shift was greater for high-order structures. To test
which assembled architecture supported a larger Raman-active volume, we compared their surface
enhanced Raman scattering (SERS) response of the resonant Raman molecule methylene blue (λex
= 633 nm). We discovered that high-order structures exhibited more Raman scattering compared
to low-order assemblies. Finite-difference time-domain modeling of nanopyramid assemblies
revealed that the highest electromagnetic field intensities were localized between adjacent particle
faces, a result that was consistent with the SERS observations. Thus, the local spatial arrangement
of the same number of nanoparticles in assembled clusters is an important design parameter for
optimizing nanoparticle-based SERS sensors.
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The assembly of nanoparticles (NPs) into hierarchical structures is a grand challenge in
nanomaterials research because of the competition among forces involved, including
entropy, electrostatics, and van der Waals. The relative contributions of these forces can be
manipulated by tuning NP size,1 shape,2 medium of dispersion,3 and surface functionality.4–
8 In addition, reducing the solvent evaporation rate has promoted the formation of
nanoparticle assemblies.9 Most work in NP assembly has focused on generating two-
dimensional (2D) or three-dimensional (3D) structures from spherical building blocks;10,11

however, the high symmetry of this particle shape limits the local structure of the assembled
lattices. Recently, anisotropic nanoparticles have been used to form unique architectures
such as 3D plasmonic crystals or gold nanorod superstructures.12–15 Control over the
assembly of asymmetric NPs is important for applications in nanoelectronics, plasmonics,
and photonics.16,17

NP assemblies are of considerable interest for surface-enhanced Raman spectroscopy
(SERS) because closely spaced NP pairs produce intense, localized electromagnetic fields
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that act as SERS hot-spots.18 Most SERS investigations have focused on low-order
assemblies, where the hot-spots are confined to a single region between two adjacent NPs.
18–23 Alternatively, high-order assemblies can be constructed when particles are stacked
within each other, such as nested pyramidal nanoshells, where all four flat faces of the two
anisotropic particles were parallel and separated by a well-defined gap.24 These nested
structures exhibited larger Raman scattering responses compared to single pyramidal
nanoshells of the same gold thickness because of a larger SERS-active volume.24

Furthermore, particle shape offers a promising approach to investigate the effects of
anisotropic assemblies in Raman scattering. Although Raman enhancement has been
observed in NP dimers and unordered aggregates,18–23 a direct correlation between the
overall shape of a hierarchical assembly and its SERS response has not been studied.

Here we compare the SERS response of low- and high-order assemblies of NPs using
nanofabricated pyramidal nanoshells as a model system. First, the design rules for NP
assembly were optimized by varying particle size, shell thickness, solvent evaporation rate,
and surface wettability. We controlled the assembly of gold pyramidal nanoshells into two
distinct configurations: low-order (side-to-side) and high-order (stacked) assemblies.
Second, we measured their dark field (DF) scattering spectra and found that the short
wavelength resonances blue-shifted as dimers were formed; the magnitude of this shift was
greater for high-order dimers. When a third particle was stacked inside a high-order dimer to
create a trimer, the spectral features of the high-order assembly were broadened; low-order
trimers showed only a long wavelength peak. Finally, we found that high-order assemblies
exhibited SERS responses greater than low-order assemblies. This observation was
supported by finite-difference time-domain (FDTD) simulations, which revealed that
stacked architectures exhibited a larger total volume of concentrated electric fields compared
to side-to-side structures.

Figure 1 illustrates the two external conditions that are most important in assembling
anisotropic particles on a surface: solvent evaporation rate and surface wettability.
Pyramidal nanoshells were fabricated by Phase-shifting photolithography, Etching, E-beam,
and Lift-off (PEEL),25 a procedure that can produce nanopyramids with variable base
diameters (80 nm ≤ d ≤ 350 nm) and shell thicknesses (20 nm ≤ t ≤ 100 nm).26 For the
assembly studies reported here, gold pyramids with d = 350 nm and variable t were
investigated; the aqueous suspensions had a fixed concentration of ~20,000 particles/μL.
When a 2-μL droplet of pyramid suspension was evaporated on a silicon substrate (contact
angle θ = 34°, measured using a goniometer), the nanopyramids either tended to be isolated
or formed aggregates at room temperature. To decrease the rate of water evaporation, we
placed the substrates in sealed, double-rimmed Petri dishes, which reduced the rate from 6
μL/h to approximately 1.2 μL/h. When the sealed Petri dishes were placed in a refrigerator
(4 °C), the rate of evaporation was slowed to ~0.08 μL/h. The evaporation rates were
estimated by dispersing a known volume of pyramid solution on silicon and monitoring the
time for the droplet to evaporate.

Gold pyramidal nanoshells with 20- and 40-nm shell thicknesses tended to form more side-
to-side assemblies compared to those with greater shell thicknesses (t = 60, 80, and 100 nm).
This observation was likely because thicker pyramidal shells settled out of solution more
rapidly than thinner ones. Under sealed and 4 °C-conditions, 70% of the 40 nm thick
pyramids assembled in a side-to-side manner, 25% were unordered aggregates, and 5%
remained isolated within the 2-mm2 droplet area. Of the side-to-side assemblies (Figs. 2a–
2d), 50% were trimers, and the remainder consisted of dimers (35%) and tetramers (15%).
Pyramids with smaller base diameters (d = 150 nm) and comparable shell thicknesses,
however, did not form ordered assemblies.
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In order to assemble pyramidal nanoshells into stacks, we made the silicon surface
hydrophobic (θ = 104°) by silanizing with tetrahydrooctyl trichlorosilane (5 h). Hence, for
the same nanopyramid suspension volume, the droplet area in contact with the substrate was
smaller, and the particle density was therefore higher throughout the droplet area.3 When a
suspension of pyramidal nanoshells was drop-cast and evaporated in sealed Petri dishes on
hydrophobic substrates, 20% of the particles assembled into stacks (Figs. 2e–2h), and 80%
formed unordered aggregates. To increase the total number of pyramidal nanoshell stacks,
we reduced the rate of evaporation to 0.03 μL/hr (4 °C). Although both low-and high-level
order were observed under these conditions, high-order assembly was prevalent (Figs. 2e–
2f): approximately 60% of pyramids assembled in high-order stacks, 5% in low-order
assemblies, and the remainder exhibited no order. Both the density of stacks and aggregates
were most dense along the edge of the evaporated droplet, although assembly occurred
throughout the entire area. The maximum number of pyramids we observed in a single stack
was seven (Fig. 2g). Pyramidal depositions on surfaces with intermediate wettabilities (θ =
41°, 76°, and 94°) showed that both the number of pyramidal stacks and the number of
particles within a stack increased with surface hydrophobicity. Besides assemblies with
either low- or high-order exclusively, some structures were composed of small (2–4) stacks
within side-to-side assemblies (Fig. 2h).

The assembly of pyramidal nanoshells into low- and high-order structures provides a unique
platform to investigate the SERS response of NPs organized into different architectures. To
correlate the particle orientation determined by SEM images with the DF scattering and
Raman scattering spectra, we first patterned transparent ITO (n = 1.8) substrates with Au
alignment markers and then assembled 25-nm thick Au nanopyramidal shells (Supporting
Information). Figure 3 depicts Raman scattering images and spectra (excitation wavelength
λex = 633 nm, He-Ne laser) and DF scattering spectra of low- and high-order dimers, L2 and
H2, compared to an isolated tip-down (TD) nanopyramid. The DF scattering spectra
revealed that the assembly of two pyramids into a dimer not only increased the overall
scattering intensity, but also blue-shifted the short wavelength resonances. The 720-nm peak
in TD was shifted to ~640 nm for H2 and ~690 nm for L2 (Fig. 3b). Also, an additional
resonance appeared at longer wavelengths; the two resonances were located further apart for
H2 (Δλ = 170 nm) versus L2 (Δλ = 70 nm). The higher optical scattering of H2 at λex may
lead to greater Raman scattering intensity compared to that from L2.

A direct comparison of the Raman scattering from the two different assemblies is crucial to
develop optimized SERS substrates based on NPs. Raman spectra and images were recorded
with a confocal Raman microscope (Alpha, WiTec Instruments) equipped with a piezo
scanner and 100× microscope objective (NA = 0.90, Nikon). The nanopyramidal assemblies
were functionalized with methylene blue (MB) and excited at λex = 633 nm. We obtained
Raman images (2 μm × 2 μm) by mapping the Raman intensity integrated over 1590–1660
cm−1; Fig. 3a (bottom) represents a map of the 1624 cm−1 vibrational mode. The signal
maps collected from the images were set to the same color scale (low = −15, high = 150) so
that the SERS intensity from the different assembled structures could be compared directly.
As expected, Fig. 3c shows that the SERS response from the assembled nanopyramid dimers
was greater than that from two isolated tip-down pyramids, an effect that was also predicted
for Ag triangles.27 The order of pyramid assembly strongly affected the scattered intensity
of the 1624 cm−1 mode, where the Raman scattering from H2 was 4.5 times higher than that
from L2.

The superior SERS performance of high-order structures compared to low-order assemblies
can, in part, be explained by considering the electromagnetic field distribution at λex = 633
nm. Figure 4 shows x-z cross sections of the electric field intensity modeled using the FDTD
method (Supporting Information). The separations between the nanopyramids in L2 (15 nm)

Stoerzinger et al. Page 3

J Phys Chem Lett. Author manuscript; available in PMC 2011 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and H2 (28 nm) were determined by analyzing SEM images (Supporting Information). The
locations of highest field intensity were found at the edges of the nanopyramidal shell and
between the parallel faces of adjacent particles; other separations did not confine the fields
as efficiently (Supporting Information). The four aligned faces of H2 (or four face-face
pairs) resulted in a significantly larger region of high electric field intensity compared to L2,
which has only one face-face pair. Hence, the larger SERS signal from stacked pyramidal
nanoshells versus side-to-side assemblies may be attributed to an increased Raman-active
volume. The larger distance between H2 stacks compared to L2 side-to-side assemblies may
also influence the magnitude of the electric field intensity and SERS signal.28

To understand the properties of assemblies ordered to greater extents, we characterized
nanopyramid trimers (Fig. 5). DF scattering measurements showed that the addition of a
third pyramid in a side-to-side orientation (L3) resulted in a single peak at 780 nm (Fig. 5b);
this change in spectrum compared to TD (Fig. 3b) may result from the larger size of the
structure. When the third pyramid was stacked within one of the two side-to-side pyramids
(HL), the spectral features were very similar to those of a side-to-side dimer. The stacking of
a pyramid within a high-order dimer to form H3 did not cause any resonance to shift,
although these features were broadened. At λex = 633 nm, the optical scattering intensities of
HL and H3 were 1.5 and 1.4 times as great as L3, respectively. The Raman scattering of
nanopyramid trimers followed trends similar to those of the dimers except for L3 (Fig. 5c).
In the case of L3, the intensity of the SERS signal was nearly equivalent to that of three
isolated pyramids, which may be attributed to the reduced scattering of L3 at the Raman
excitation wavelength. For HL and H3, the signal was 2.5 and 10 times higher than that from
three isolated particles. These observations also confirm that high-order structures yield
increased SERS signals compared to low-order assemblies.

In summary, we have controlled the assembly of anisotropic pyramidal nanoshells into two
unique geometries by varying the rate of solvent evaporation and the wettability of the
surface. These distinct architectures offer a route to the rational design of NP assemblies for
SERS applications. An explanation for the increased Raman scattering by high-order
assemblies was investigated using FDTD calculations, which indicated that the
electromagnetic field was confined within the gapped regions between parallel nanopyramid
faces. Hence, measurements and modeling suggest that high-order assemblies are more
promising than low-order assemblies as SERS substrates because they support a larger
geometric region of high electric field intensity, or a larger Raman-active volume. We
anticipate that these findings will provide additional guidance in developing SERS-based
chemical and biological sensors.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Scheme depicting the conditions required for achieving low- and high-order assemblies of
pyramidal nanoshells.
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Figure 2. Control over the assembly of pyramidal nanoshells
Scanning electron microscopy (SEM) images of the two types of assemblies in pyramidal
nanoshells (t = 40 nm): (a–d) low-order and (e–h) high-order assemblies. (a) Side-by-side
dimer (L2). (b) Side-by-side trimer (L3). (c) Side-by-side tetramer (L4). (d) Clusters of low-
order assemblies. (e) Stacked dimer (H2). (f) Stacked trimer (H3). (g) Stacked assembly
with seven particles. (h) Clusters of primarily high-order assemblies.
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Figure 3. Correlation of the DF scattering and SERS response of single nanopyramids and
dimers
(a) (top) SEM and (bottom) corresponding Raman images of the 1621–1624 cm−1 MB
vibrational mode intensity from a single tip-down pyramid (TD), a low-order dimer of
pyramidal nanoshells (L2), and a high-order dimer of pyramidal nanoshells (H2). The scale
bar applies to all images. (b) DF scattering spectra of TD, L2, and H2. (c) Raman spectra
corresponding to the most intense point of the Raman image in (a).
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Figure 4. FDTD simulation of the electromagnetic field intensity distribution for single particles
and dimers at λ = 633 nm
|Ez|2 was calculated for a single TD and dimers H2 and L2. Cross-sections were taken along
the central axis in the x-z plane intersecting the tips of TD and H2. For L2, the electric-field
intensity was measured in the x-z plane along the long axis of the dimer, where the gap
separating the two pyramids was oriented perpendicular to the plane of the detector. The
intensities are plotted on a logarithmic scale.
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Figure 5. Correlation of the DF scattering and SERS response of low-, mixed-, and high-order
trimers
(a) (top) SEM and (bottom) corresponding Raman images of the 1621–1624 cm−1 MB
vibrational mode intensity from a low-order trimer (L3), mixed-order assembly of three
particles (HL), and high-order trimer (H3). The scale bar applies to all images. (b) DF
scattering spectra of L3, HL, and H3. (c) Raman spectra corresponding to the most intense
point of the Raman image in (a).
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