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The optoelectronic properties of asymmetric metal nanostructures are of current interest for applications in photonics,
sensing, and catalysis. Here, we break the symmetry of the localized surface plasmon resonance of gold nanorods by
selective overgrowth of a single tip via a high-yield (>80%) wet-chemical method. While optical spectroscopy exhibits a
bathochromic shift of the nanoparticle plasmon resonance, cathodoluminescence and electron energy loss spectroscopy
measurements reveal a breaking of the symmetry of the associated localized surface plasmon resonance mode, which
results in the subwavelength concentration of electromagnetic energy. The simple, one-step postsynthetic modification
allows control of nanoparticle structural parameters, and we demonstrate how the asymmetric energy redistribution
leads to increases in the surface-enhanced Raman scattering of a model analyte attached to the surface of the nanostruc-
tures. The spatial localization of energy in these nanostructures may find applications in nanofocusing, nanoimaging,
and light harvesting. ©2020Optical Society of America under the terms of theOSAOpen Access Publishing Agreement
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1. INTRODUCTION

Metal nanostructures enable subwavelength confinement of
light, which can in turn enhance light–matter interactions
[1–3]. The strongest confinements can be realized with asym-
metric nanostructures [4], which has led to applications in diverse
fields, including biological sensing [5], photothermal therapy
[6,7], data storage [8], and photocatalysis [9–11]. Confinement of
electromagnetic energy density is especially important in applica-
tions such as modifying the radiative decay rate and the emission
pattern of fluorophores [12], demonstrating strong light–matter
interactions [13] and surface-enhanced Raman scattering (SERS),
where enhancement factors as high as 1015 have allowed single
molecule detection [14–16]. High-energy and spatial resolution
techniques such as electron energy loss spectroscopy (EELS) and
cathodoluminescence (CL) microscopy are increasingly used for
spectrally resolving and spatially imaging the surface plasmon
resonances of metallic nanostructures [17–19]. These studies
show that the electromagnetic field intensity and distribution
around the surface of metallic nanostructures can be augmented as
a consequence of symmetry breaking.

Asymmetric nanostructures, including Au nanocaps [20] and
Au L-shapes [21] particles, are commonly fabricated using a com-
bination of lithography and physical vapor deposition [22,23].
These techniques are not only time-consuming and expensive,
but also result in substrate-bound particles that are unsuitable
for biological applications and homogeneous photocatalysis.

Alternatively, many studies have demonstrated the synthesis of
asymmetric nanostructures using wet-chemistry processes such as
postsynthetic assembly, in which colloidal nanoparticles are self-
assembled into dimers, trimers, and higher-order aggregates, either
through the control of interparticle electrostatics [24–26] or the
nucleation and growth method, where metal salts are reduced in
the presence of presynthesized seed nanostructures for asymmetric
overgrowth [27–29]. This easy wet-chemistry methodology allows
the synthesis of varied shapes and compositions, while providing
exquisite control over the resulting optoelectronic properties [30],
but the numerous variables (e.g., temperature, molecular ligand,
pH) can drastically influence product yield and robust methods for
monodisperse asymmetric nanostructures are still rare.

In this study, we employ CL, EELS, and theoretical analysis
based on an electrostatic eigenmode method to demonstrate that
symmetry-breaking produces a strong and deep subwavelength
localization of electromagnetic energy density in matchstick-
shaped Au nanostructures. These structures are prepared from
the selective growth of a single tip of Au nanorods, via a synthetic
protocol that reproducibly afforded >80% shape selectivity
[Fig. 1(A)]. This synthetic protocol also enables a systematic study
of the effect of structural geometry on the optical properties of
the asymmetric nanostructures. Finally, as a proof of concept, we
show how the structural asymmetry influences the localization of
electromagnetic energy by comparing the measured SERS signals
of a representative chemical analyte when deposited on either
symmetric or asymmetric Au nanorods.
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Fig. 1. (A) Synthetic scheme for asymmetric growth of Au nanorods,
where CTAB is cetyltrimethylammonium bromide and 4-MBA is
4-mercaptobenzoic acid; (B) TEM images of Au nanorods (left) and
nanomatchsticks (right); (C) size distribution (particle length and diam-
eter) of nanorod seeds (green) and nanomatchsticks (blue); (D) statistical
analysis of shape distribution in synthesized nanomatchsticks, counted
from TEM pictures across > 600 individual nanostructures (Fig. S1);
scale bars, 100 nm.

2. RESULTS AND DISCUSSION

Asymmetric Nanoparticle Synthesis. Careful control of nanos-
tructure surface chemistry is necessary to induce asymmetric
growth in fused nanostructures [31]. Surfactants such as the
commonly used cetyl-trimethylammonium bromide (CTAB)
pack more densely along the sides of Au nanorods than at the tip,
allowing the control of both shape and growth [32,33]. Partial or
complete exchange of CTAB with thiol-containing ligands often
results in fused nanostructures; thiols preferentially bind to the
(1 1 1) facet of the crystals (at the rod tip) and influence the rate
of Au salt reduction [34–36]. We first synthesized Au nanorods
using standard, seed-mediated methods (detailed in Supplement
1, Section 1) [9]. Prior to the secondary growth phase, rods were
concentrated into a CTAB solution (6.0 mM) and incubated with
4-mercaptobenzoic acid (10 mM). This ligand is more commonly
used in the self-assembly of Au nanoparticles on top of a gold mir-
ror and in the assembly of tip-to-tip dimers [37,38]. After aging
for 1 h, these rods acted as seeds for asymmetric growth via the
reduction of HAuCl4 with ascorbic acid [Fig. 1(A)]. Secondary
growth occurred for 12 h before the isolation and redispersal of the
nanostructures into milli-Q water.

Fig. 2. HTEM image of the nanomatchsticks and fast Fourier trans-
form (FFT) patterns of the region shown in each panel, respectively;
lattice fringes with the same orientation extend from the spherical cap into
the body of the rod.

Transmission electron microscopy (TEM) revealed uniform
nanostructures both before and after seeded growth. The initial
nanorods [Fig. 1(B)] were well described as hemispherically capped
cylinders with identical ends. Size mapping using image analysis
revealed rods 45±3 nm in length and 10±1 nm wide [Fig. 1(C)].
Following the secondary growth phase, we observed asymmetric
nanoparticles characterized by an overgrowth on only one tip of
the rods [Fig. 1(B)]. The synthesized nanomatchsticks preserved
the original rod width (10±1 nm), while the mostly spherical
asymmetric cap exhibited an average diameter of 15±4 nm.
Cap growth also coincided with a slight increase in rod length
to 47±3 nm [Fig. 1(C)]. Statistical analysis of numerous TEM
images revealed this process was highly selective (see Supplement
1, Fig. S1); 87% of the resulting nanostructures corresponded
to Au nanomatchsticks [Fig. 1(D)]. The remaining distribution
consisted of rods and spheres (5% and 6%, respectively) as well
as various fused rod/sphere polymorphs. The monodispersity of
the initial nanorods was critical for ensuring high yields of the
nanomatchstick product.

High-resolution transmission electron microscopy (HRTEM)
revealed that the synthesized nanomatchsticks remained as single
crystals, suggesting epitaxial growth of the spherical cap (Fig. 2)
with a d-spacing of 0.23 nm along the nanostructure, which we
assign to the (1 1 1) facet of Au. While epitaxial growth occurs at
the tips of Au nanorods when no thiol is present, ligand exchange
with 4-mercaptophenol precipitates growth at small stacking
faults to form multiple-twinned crystals, which then recrystallize
into a single nanostructure [28,39,40]. While the exact origin of
asymmetric growth is unclear, we speculate that it may arise from a
combination of reaction parameters. First, the high concentration
of Au particles in solution effectively lowers the concentration of
both CTAB and the thiol per particle, consistent with the previous
observation of both twinning and epitaxial growth of Au nanorods
at low thiol concentrations [28]. Furthermore, the carboxyl groups
in 4-mercaptobenzoic acid form an extensive hydrogen bonding
network that facilitates tip-to-tip aggregation and low thiol con-
centration would likely increase dimer formation [38,41–43],
leaving a single end cap on each rod component exposed to over-
growth. Finally, the long growth period we employed (several hours
compared with minutes) may drive recrystallization towards a
single crystalline product rather than fused structures.

Controlling Nanoparticle Structure. The 4-mercaptobenzoic
acid is critical for asymmetric growth. No nanomatchsticks were
observed in the absence of thiol; instead, symmetric peanut-shaped
nanoparticles were the sole product [Fig. 3(A)]. These structures
are known to form at low CTAB concentration, as both tips are
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Fig. 3. (A) Shape distribution of nanostructured products synthesized using different surfactant/thiol ratio, where NT=means no thiol; (B) size distri-
bution (particle length and cap diameter) of nanomatchsticks synthesized from different rod seeds: aspect ratios 5.2 (red), 5.6 (blue), and 6 (yellow); (C) size
distribution of nanomatchsticks synthesized from the same rod seeds (green) and increasing [HAuCl4]: 90µM (blue), 180µM (yellow), 270µM (red).

less, but equally, protected [44]. The addition of any amount of
thiol (180–640 µM final concentration) resulted in the desired
nanomatchsticks, but the shape distribution was highly dependent
on the relative concentration of the thiol (4-mercaptobenzoic
acid) and surfactant (CTAB). We obtained the greatest yield of
nanomatchsticks, 87%, at a surfactant/thiol ratio of approximately
15 [Fig. 3(A)]. Increasing or decreasing this ratio increased the
polydispersity of the resulting structures with a relative increase in
the proportion of rods, spheres, or fused structures. These results
reveal a fine balance between the concentrations of each principal
reactant (initial particle, surfactant, and thiol) during nanoparticle
growth. The large increase in the yield of rods exhibiting isotropic
growth at high thiol concentration [over 40%; see Fig. 3(A)]
may result from destabilization of the CTAB layers or significant
tip-to-tip ordering [45]. A similar reduction in the percentage
of nanomatchsticks occurred when we decreased the volume of
CTAB used to initially redisperse the Au nanorods, which also
effectively decreased the surfactant/thiol ratio (Figs. S2, S3).

Provided we maintained the optimal surfactant/thiol ratio, our
synthetic protocol proved both robust and reproducible (Fig. S4),
allowing the fine-tuning of individual morphological components.
Nanorods of the same width but different aspect ratios (5.2, 5.6,
and 6.0) produced particles of increasing length but a similar head
size [Fig. 3(B)]. When using rods with a small aspect ratio (<4),
nanomatchsticks were no longer the major structure (Fig. S5).
Rod length is manipulated through control of pH during the
initial seed-mediated growth; low pH, afforded by addition of
hydrochloric acid, results in longer particles due to stabilization
of CTAB micelles and suppressed reducing power of ascorbic acid
[46,47]. The addition of a strong acid is also thought to increase the
propensity of the stacking faults implicated in asymmetric growth
[28]. The diameter of the spherical cap can be controlled with the
concentration of HAuCl4 and ascorbic acid during tip growth.
Histograms of particle distributions revealed a successive increase
in cap diameter, with only a minimal increase in overall length
when using a single batch of Au nanorods [length 42±1 nm, aspect
ratio 6, Fig. 3(C)]. As the concentration of Au salt increased, the
monodispersity of nanomatchstick structures decreased, compris-
ing 70% of total structures when the initial salt concentration was

27µM (compared to 18µM in the standard synthetic protocol; see
Fig. S6). The increased percentage of spheres and other amorphous
structures at higher HAuCl4 concentrations likely result from
seeding of Au atoms in solution in addition to the exposed nanorod
tips.

Optical Properties. The localized surface plasmon resonance
(LSPR) of Au nanostructures is particularly sensitive to changes
in morphology. The optical absorption spectrum of Au nanorods,
length 36±4 nm (and a width of 7±3 nm), contains a dominant
band at 890 nm (with a full width at half-maximum of 173 nm)
and a weaker band centered at 510 nm [Fig. 4(A)]. These charac-
teristic features are assigned to longitudinal and transverse LSPRs,
respectively. The longitudinal mode is characterized by a net dipole
moment that aligns with the long axis of the structures, while in the
transverse mode, the dipole aligns perpendicularly to this axis.

Conversion to nanomatchsticks results in two optical changes: a
slight bathochromic shift of the longitudinal resonance to 910 nm
and a broadening and enhancement of the transversal mode. The
increase in wavelength of the longitudinal mode, usually governed
by aspect ratio, can be accounted for by a slight increase in rod
length to 38±1 nm following asymmetric growth. Meanwhile,
we assign the changes to the transverse band to two overlapping
resonances associated with the different thickness of the rod and
cap regions in the modified nanostructures (average matchstick’s
head diameter 13±2 nm). As the aspect ratio of the nanorods
seeds increased, the longitudinal localized plasmon resonance
exhibited a bathochromic shift, along with a further increase in
absorption maximum following cap growth; from 934 to 968 nm
and 985 to 1020 nm when the initial rod lengths were 39±1 and
42±1 nm, respectively [Fig. 4(A)]. Modifying the morphology
of the spherical head influenced the properties of the transverse
plasmon resonance band. As the head diameter increased, so too
did the intensity of the transverse resonance relative to the lon-
gitudinal resonance [Fig. 4(B)]. Concomitant with this increase
in intensity, the maxima of the transverse resonances underwent
successive bathochromic shifts with increasing head diameter.
Nanorods 7 nm wide initially exhibited a band centered at 513 nm
that increased to 550 nm in nanomatchsticks with a head width of
14 nm. The broadening of the longitudinal mode with high cap
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Fig. 4. (A) Normalized absorption spectra for synthesized Au nanomatchsticks and rod seeds with aspect ratios 5.2 (blue), 5.6 (green), and 6 (red); darker
lines correspond to the initial nanorod absorption spectrum and lighter lines to nanomatchsticks; insets, representative TEM images with size distributions.
The average diameter of the nanomatchstick’s head was 13±2 nm for each aspect ratio. (B) Normalized absorption spectra of Au nanomatchsticks with dif-
ferent cap diameters; position of the transverse LSPR (in nanometers) plotted as a function of measured cap diameter; (C) localized surface plasmon eigen-
modes and corresponding dipole moment (arbitrary units) of a theoretical nanomatchstick (width 10 nm, length 56 nm, and cap diameter 20 nm): (1) lon-
gitudinal dipole moment, (2)–(3) doubly degenerate transverse moment. Color scale indicates surface charge; (4) calculated spectrum of the absorption
cross section; scale bars, 50 nm.

diameter is consistent with the greater polydispersity observed by
TEM (Fig. S6).

Electrostatic Model of the Particle Plasmon Resonance. To
describe the optical properties of the synthesized nanomatchsticks,
we employed the electrostatic eigenmode method [48]. Within
this theory, valid here as our structures are considerably smaller
than the incident radiation wavelength, the optical properties of
metal nanostructures are described by a set of self-sustained surface
charge oscillations (eigenmodes) and their associated resonant
frequencies. These oscillations are fixed by the geometry and the
dielectric permittivity of the structure and surrounding medium.
Using a geometric approximation of our asymmetric structures
comprising a hemispherically capped cylinder with one cap of
greater diameter (Fig. S7), the resulting longitudinal resonant
mode lacks inversion symmetry around the midpoint of the long
axis [Fig. 4(C)]. The transverse modes [Fig. 4(C)] localize most
of the surface charge on the spherical cap and possess eigenvalues
(γ , which in turn determine the value of the resonant frequencies
[48]) very close to that of a perfect sphere (for which γ = 3) [48].
The resulting calculated spectra of the optical cross section closely
resembles the experimental spectra, with a dominant longitudinal
resonant mode [Fig. 4(C)]. The calculated spectrum is narrower
when compared to the experimental one. This discrepancy is
predominantly due to the size averaging that takes place when
performing measurements in solution. While the electrostatic
eigenmode approximation neglects the effect of electromagnetic
retardation (i.e., different points on the nanostructure experience

excitation from the incident electromagnetic field with differ-
ent phases), the size of the structures is significantly smaller than
the resonance wavelength and, consequently, it is expected that
retardation effects can be safely ignored.

Spatial Map of the Plasmon Resonance. We employed CL
imaging to experimentally map the LSPRs across an asymmetric
nanostructure [49,50]. Using hyperspectral CL [51], an electron
beam is raster-scanned across a nanostructure, collecting a full
CL spectrum at each “pixel.” The average pixel spectra of both
Au nanorods and nanomatchsticks (Fig. S8) clearly exhibit a
longitudinal and transverse mode, albeit slightly distorted by the
photodetector’s limited spectral range (350–1100 nm). Different
emission wavelengths are dispersed by a diffraction grating before
measurement by the photodetector, allowing the parallel collection
of multiple optical responses such as the two distinct resonant
modes. Unfortunately, we could not quantify the relative mag-
nitude of the two modes due to low signal and differing levels of
adventitious carbon between each sample (resulting from excess
surface ligands).

CL maps of the transverse (430–550 nm) and longitudinal
(750–980 nm) modes of each geometry highlight the differences in
their LSPRs. Consistent with previous studies [52], for nanorods,
the transverse mode is excited uniformly along the particle-
environment interface delineated by the long axis, while the
longitudinal mode is preferentially excited at both end caps
[Fig. 5(A)]. In contrast, there is a marked spatial asymmetry to
both modes in the nanomatchsticks. In particular, the map of the
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Fig. 5. (A) and (B) Hyperspectral CL spectroscopy for rods and match-
stick, respectively; CL maps from the spectral regions 430–550 nm and
750–980 nm, respectively; (C) TEM survey images of a single Au nanorod
and Au matchsticks and the EELS maps of their longitudinal (1.1–1.7 eV)
and transverse (1.7–2.7 eV) plasmon modes. Scale bars correspond to
20 nm. (D) Eigenmode hybridization diagram; the diagram shows the
hybridization of two dipoles corresponding to a sphere and the longitudi-
nal mode of a rod. This results in two new, bright eigenmodes that exhibit
asymmetric surface charge distributions.

longitudinal resonance exhibits a strong asymmetry [Fig. 5(B)].
In order to map the localized plasmon modes with higher spatial
resolution, we performed EELS measurements [Fig. 5(C); details
in Supplement 1, Section 10]. The EELS maps indicate that the
plasmon resonances of an Au nanorod are symmetric with respect

Fig. 6. (A) Representative SEM images of Au nanorods (orange) and
nanomatchsticks (blue) used as SERS substrate; (B) representative spectra
of 4-aminothiophenol bound to a substrate comprising bare silicon
(green), nanorods (orange), and nanomatchsticks (blue). Samples were
irradiated at 785 nm, 290 mW; scale bars, 50 nm.

to its geometric center, while for the matchstick, this symmetry
is broken, resulting in higher localization on the small tip of the
asymmetric structure [Fig. 5(C) and Fig. S9]. These results cor-
roborate the electrostatic surface plasmon eigenmode analysis
and demonstrate the asymmetry of the LSPR that occurs as a
consequence of structural changes.

Hybridization Model. One way to conceptualize the ori-
gin of the asymmetric localized surface plasmon modes in the
matchstick geometry is to study the interaction of the fictitious
rod and spherical cap subsystems that make up the geometric
shape. To this end, we consider the interaction of the threefold
degenerate dipole eigenmodes of a sphere, with an associated
frequency ωd , and the longitudinal and transverse (twofold
degenerate) eigenmodes of a rod (with frequencies ωL and ωT ,
respectively; details in Supplement 1). An analysis of these inter-
actions results in the prediction of six resonant modes, from which
the lowest-in-energy, bright resonance of the matchstick (i.e., one
with a nonzero dipole moment) occurs at a frequency given by

(ωd +ωL)/2−
√
(ωd −ωL)

2
+ 4V 2

L /2 and corresponds to a
hybridization between one of the sphere dipole modes σd (r) and
the longitudinal resonance mode of the rod σL(r). The hybrid
eigenmode σM(r) can therefore be written as the following linear
superposition: σM(r)= ασd (r)+ βσL(r) (omitting a normaliza-
tion factor), where the value of the coefficients α and β depend on
the strength of the interaction between the sphere and rod eigen-
modes, which is quantified by VL [Fig. 5(D)]. The concentration
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of surface charge density on the extremes of the matchstick are con-
sequently predicted to be different (by virtue of the difference of
the coefficients in the superposition), accounting for the observed
asymmetry in the CL experiments.

Surface-Enhanced Raman Spectroscopy. The strong locali-
zation of the electromagnetic field at the edges and corners of
asymmetric nanostructures enhances the Raman scattering of
adsorbed molecules, integral in the SERS analytical technique
[53,54]. As demonstrated by CL and EELS mapping, the asym-
metric Au nanorods localize the electromagnetic field into a
smaller region of space relative to their symmetric counterparts.
It can be anticipated that this higher concentration of electro-
magnetic energy can be manifest into a stronger SERS effect. As a
proof-of-concept demonstration, we compared the performance
of Au nanorods and Au nanomatchsticks with the model ana-
lyte 4-aminothiophenol (experimental method in Supplement
1). Representative SEM images of the prepared substrates (Au
matchsticks and Au nanorods) are shown in Fig. 6(A). This model
analyte exhibits three dominant Raman signals at 1078, 1588,
and 1179 cm−1, assigned to ν(C-S) stretching vibration, ν(C-C)
aromatic ring vibration, and β(C-H) in plane bending mode,
respectively [Fig. 6(B)] [55].

Substrates comprising Au nano-matchsticks always exhibited
stronger ν(C-S) and ν(C-C) signals when compared to nanorod
signals [Fig. 6(B)]. No significant increase in the corresponding
β(C-H) mode was observed in either substrate. Clearly, bare sili-
con substrates displayed no SERS signal [Fig. 6(B)]. The resulting
relative enhancement factor using matchsticks as a substrate was
∼2.7 for ν(C-S) and∼2.5 and for ν(C-C) (Table S2).

3. CONCLUSION

In summary, we have demonstrated that it is possible to selectively
enhance and concentrate the localized surface plasmon modes
of Au nanorods by breaking their structural symmetry. An easy
wet-chemistry process allowed the selective overgrowth of a single
tip, enabling the metamorphosis of the rods into Au nanomatch-
stick shapes. High yields as well as size and shape distributions
depended on a specific surfactant/thiol ratio, producing monodis-
perse nanomatchsticks up to 87% pure. While further studies
are required to fully understand the mechanism of the observed
asymmetric growth, we demonstrate that the optical properties
of the asymmetric structures could be tuned through control
of both rod length and cap diameter. Electrostatic eigenmode
analysis corroborated hyperspectral CL and electron energy loss
imaging that revealed asymmetric localization of the localized
surface plasmon modes. This localization elicits a stronger SERS
response from asymmetric nanostructures when compared with
symmetrical analogs. Our study opens the prospect for creating
asymmetric (Janus) heterostructures, where the overgrown tip
could comprise different metals or semiconductors. The resulting
heterostructures may be useful in varied applications, including
sensing, photocatalysis, and optoelectronics.
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