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The optical properties of metals arise both from optical excitation of interband transitions and their collective
electronic, or plasmon, response. Here, we examine the optical properties of Cu, whose strong interband
transitions dominate its optical response in the visible region of the spectrum, in a nanoshell geometry. This
nanostructure permits the geometrical tuning of the nanoparticle plasmon energy relative to the onset of
interband transitions in the metal. Spectral overlap of the interband transitions of Cu with the nanoshell plasmon
resonance results in a striking double-peaked plasmon resonance, a unique phenomenon previously unobserved
in other noble or coinage metal nanostructures.

Metallic nanostructures are attracting increasing interest as
an important class of photonic components that control and
manipulate light at the nanometer scale.1-4 The interaction of
light with free electrons in metallic nanostructures can give rise
to collective excitations known as plasmon resonances. Plasmonic excitations provide a means to focus light to subwavelength dimensions, making it possible to overcome the optical
diffraction limit and enable the design of nanoscale optical
devices, such as waveguides.3,5 The intense local electromagnetic
fields of metallic nanostructures at their plasmon resonant
energies can also be exploited for surface enhanced spectroscopies.6-8 Recent advances in size- and shape-controlled
fabrication of metallic nanostructures,9 along with the development of highly efficient theoretical methods for calculating their
electromagnetic properties,10-12 provide a foundation for advancing the development of metal-based nanophotonic components and devices, an emerging area known as plasmonics.
Coinage metals such as Au and Ag have been of particular
interest for plasmonics because they can support nanoparticle
plasmon resonances in the ultraviolet, visible, and near-infrared
regions of the spectrum, modifiable by varying nanoparticle size
and shape. Metallic nanoshells, spherical nanoparticles composed of a dielectric core and a concentric metal shell, are
nanoparticles whose plasmon resonant energies are particularly
sensitive to geometry.13 In striking contrast to solid metallic
nanostructures such as nanospheres or nanorods, which exhibit
relatively weak plasmonic tunability dependent on size or aspect
ratio, nanoshells exhibit plasmon resonances that are critically
dependent on inner and outer shell dimensions. This tunability
has its origins in the hybridization of the two fixed-frequency
plasmon modes supported by the inner cavity and outer surface
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of the nanoshell.14 In applications, plasmon resonant energies
of nanoshells have been tuned to the near-infrared “water
window” where tissue and blood are transparent, enabling a
range of nanobiomedical innovations.15-18 The plasmon resonant
energy of the nanoshell geometry can be extended into the farinfrared through plasmon hybridization of one nanoshell encapsulated within another nanoshell, also known as a “nanomatryushka” geometry.14,19 Because of their high degree of
symmetry, many nanoshell properties can be calculated straightforwardly using Mie scattering theory.20,21 The agreement
between experimental measurements and Mie theory predictions
of the plasmon resonant properties of Au nanoshells has recently
been further confirmed quantitatively at the single nanoparticle
level.22
In addition to nanoparticle geometry, the optical properties
of plasmonic nanoparticles can also be strongly influenced by
the electronic structure of the constituent metal, which determines the metal’s dielectric function.23,24 To better understand
the role that the metal plays in determining the optical properties
of metallic nanoparticles, it is necessary to examine and account
for the effects of both the free-electron and electronic interband
transition contributions to the metal’s dielectric response.25 With
plasmon resonant energies well below the interband transitions,
Au and Ag nanoparticles can be treated as free-electron systems
whose optical properties are determined by the conduction
electrons, with only a constant real background polarizability
associated with the core electrons. Here, we both theoretically
and experimentally examine the contrasting case of Cu nanoparticles, where the effects of strong interband transitions near
the same energies as the plasmon response of the solid metallic
nanoparticle can be examined. Geometric control of the plasmon
resonant energies in the nanoshell geometry enables selective
tuning of plasmon mode energies with respect to the onset of
the Cu interband transitions. By varying nanoparticle geometry,
we examine how the electronic properties of the metal, through
the interband transitions, modify the plasmon resonances of the
constituent nanoparticle.
© 2005 American Chemical Society
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Figure 2. (A) Theoretically calculated far-field extinction of a Cu
nanoshell with a core radius of 63 nm and a shell thickness of 10 nm.
Near-field patterns of the dipole resonance excited at (B) 550 nm and
(C) 720 nm. The polarization (E) and propagation (k) vectors are
indicated in part C. The color scale indicates |E|2.

Figure 1. Theoretically calculated far-field extinction of a solid
nanosphere (black solid curves) and a nanoshell (blue solid curves)
made of (A) Ag, (B) Au, and (C) Cu. The nanospheres are 20 nm in
radius, and the nanoshells are 63 nm in core (silica) radius and 10 nm
in shell thickness. The refractive index of ethanol (n ) 1.36) is used
as the refractive index of the medium surrounding the particles. The
dielectric functions (red curves) of (A) Ag, (B) Au, and (C) Cu are
also shown. !ʹ′ and !ʹ′ʹ′ are the real and imaginary parts of the dielectric
constants, respectively. The green shaded areas indicate the wavelength
regions where interband transitions of the metals occur.

Figure 1 shows a comparison of the theoretical extinction
spectra of Au, Ag, and Cu solid nanospheres and nanoshells,
obtained using Mie scattering theory incorporating the experimentally obtained dielectric function for Ag, Au, and Cu26 and
standard finite path length corrections.23,27 The surrounding
dielectric medium is ethanol (refractive index 1.36). The
calculated extinction is expressed as an efficiency, which is the
ratio of the energy scattered or absorbed by the nanoparticle to
the energy incident on its physical cross section. The spectral
regions where interband transitions occur are shaded in green.

Figure 3. (A) Theoretically calculated far-field extinction of a Cu
nanoshell with a core radius of 63 nm and a shell thickness of 40 nm.
(B) Near-field pattern in the plane containing the polarization and
propagation vectors as indicated in Figure 2. The color bars indicate
the magnitude of |E|2. The columns indicate the excitation wavelengths.
The first row includes the first five terms in the Mie expansion, the
second row contains only the first (dipole) term, and the third row
includes only the second (quadrupole) term.
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Figure 4. (A) Illustration of the fabrication of Cu nanoshells. SEM (B) and TEM (C) images of the seed particles. SEM (D) and TEM (E) images
of Cu nanoshells (63 ( 8 nm core radius and 30 ( 4 nm shell thickness).

The onset of electronic interband transitions from the valence
band to the Fermi level causes a sharp increase in the imaginary
part (!ʹ′ʹ′) and a marked change in the slope of the real part (!ʹ′)
of the dielectric functions. For 20 nm radius solid nanospheres,
the relative spectral locations of the particle plasmon resonance
and the constituent metal’s interband transitions determine the
nanoparticles’ optical response, resulting in significant variations
between Au, Ag, and Cu nanospheres. The Ag nanosphere has
by far the strongest plasmon resonance because the higher
energy of the interband transitions (∼3.8 eV),28,29 relative to
the energy of the plasmon resonance, leads to minimal damping
of the plasmon. In Ag, the onset of interband transitions is visible
in the experimental extinction spectrum only as a small increase
in absorption starting at approximately 330 nm. The Au
nanosphere displays a well-defined plasmon resonance at 530
nm, which is very close to the edge of the interband transitions
region (∼2.5 eV).28,29 The Cu nanosphere has by far the weakest
comparative optical response due to the nanosphere plasmon
being resonant with the interband transition region (∼2.1
eV)28-30 of the spectrum. The interband transitions are responsible for a strong damping of the Cu nanosphere plasmon and
the strong “background” absorption on top of which a weak
plasmon resonance peak is visible.
The tunability of nanoshell plasmons allows the design of
nanoparticles with surface plasmon resonances shifted away
from the constituent metal’s interband transitions. A direct
comparison of theoretical extinction spectra for nanoshells

composed of a silica core and Ag, Au, and Cu shell layers is
also shown in Figure 1. All nanoshell calculations were
performed with the same inner and outer shell radii (r1, r2) )
(63, 73) nm. All nanoshell spectra exhibit dipole plasmon
resonances that have been shifted to longer wavelengths relative
to those of the corresponding solid nanospheres. The plasmon
resonance spectra of the Ag and Au nanoshells in parts A and
B of Figure 1, respectively, are relatively similar to each other
in amplitude and peak wavelength, a comparison that has been
previously noted.31 The Ag nanoshell resonance also shows an
additional, weaker feature at nominally 560 nm attributable to
excitation of the nanostructure’s quadrupole mode. In marked
contrast, the plasmon resonance of a Cu nanoshell of the same
size and aspect ratio remains centered at wavelengths corresponding to the onset of interband transitions in Cu (Figure 1C).
In addition, a dip in the resonance spectrum also appears at
this onset energy, resulting in a unique double-peaked resonance
line shape.
In Figure 2, the Cu nanoshell resonance line shape is analyzed
in greater detail. In Figure 2A, the total calculated far-field
extinction spectrum is analyzed to show the individual dipole,
quadrupole, and octopole contributions to the overall spectral
response of the nanostructure. The overall extinction is dominated by the dipole plasmon mode, whose line shape has been
strongly modified into this double-peaked structure. This
analysis clearly shows that the origin of this double-peaked
feature is related to variations in the dielectric function of Cu,
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Figure 5. Extinction spectra of Cu nanoshells with a core radius of 63 ( 8 nm and a shell thickness of (A) 52 ( 7 nm, (B) 45 ( 6 nm,
(C) 38 ( 5 nm, and (D) 30 ( 4 nm. The solid curves are the experimentally measured extinction spectra of Cu nanoshells dispersed in ethanol. The
dashed curves are the theoretically calculated extinction (red), absorption (green), and scattering (blue) of the Cu nanoshells.

and not due to the onset of a quadrupole mode (such as the
high energy feature at ∼550 nm in the Ag nanoshell response
in Figure 1A). As illustrated in Figure 2B and C, the near-field
contours of the plasmon resonance excited at 550 and 720 nm,
wavelengths corresponding to the two maxima of this resonance,
further confirm the dipolar nature of each spectral feature. As
the thickness of the Cu nanoshell layer is increased, the
quadrupole plasmon mode can be brought into resonance with
the interband transitions in Cu. The peak of the dipole resonance
is shifted to ∼ 850 nm, and the quadrupole and other higher
order multiple modes become increasingly pronounced compared to the dipole resonance, due to increasing phase retardation
effects.32-34 In this case, the peculiar peak “inflection” is
transferred to the quadrupole plasmon mode (Figure 3A). Figure
3A analyzes the calculated extinction spectrum of a (63, 103)
Cu nanoshell. Here, both the dipole and quadrupole modes
contribute significantly to the overall extinction. A doublepeaked quadrupole line shape is now observed as the quadrupole
resonance overlaps with the onset of the interband transitions.
The quadrupole maximum at 460 nm is more intense than that
at 600 nm and is likely due to the overlap of the quadrupole
plasmon resonance with the spectral background arising from
the interband transitions. Figure 3B shows the calculated nearfield contours of the dipole and quadrupole plasmon modes
excited at the wavelengths associated with these inflections, as
indicated in Figure 3A. The top row in Figure 3B corresponds
to the total plasmon extinction in the near-field at these three
wavelengths of interest, which in this case consists of the sum
of the first five multipolar terms in the Mie expansion. The
asymmetry of the total near-field profile is simply due to the

relative phase of the various multipolar modes. The second row
shows the relative dipole mode intensities in the near-field at
the three wavelengths of interest, and the third row shows the
quadrupole mode. The near-field patterns confirm the quadrupolar nature of both spectral features at 460 and 600 nm for
this size and geometry of nanoparticle.
To experimentally investigate the effects of interband transitions on the plasmons, we use a wet chemistry method to
fabricate Cu nanoshells with controllable core-shell dimensions.
Currently, the most extensively used strategy for nanoshell
fabrication involves seed-mediated electroless plating. By using
this method, continuous Au,13,35-37 Ag,31,38,39 and even bimetallic nanoshells40 with controllable core and shell dimensions have
been successfully fabricated using silica or polymer beads as
core materials. In addition to the seeded shell growth, more
recent approaches based on galvanic replacement reactions41-43
have also been employed to produce hollow metallic nanoshells
using metal nanoparticles as sacrificial cores. Here, we exploit
a combination of surface seeding and electroless plating methods
to fabricate Cu nanoshells using silica nanosphere cores (Figure
4). As illustrated in Figure 4A, the fabrication of Cu nanoshells
involves two major steps. The first step is analogous to the
pretreatment step in electroless plating, in which small Au
nanoparticles (∼2 nm in diameter) are immobilized onto the
surface of (3-aminopropyl)trimethoxysilane (APTMS) functionalized silica particles. As illustrated in Figure 4C, the
coverage of Au nanoparticles on the surface of the silica beads
is nominally 30%. In the second step, the immobilized Au
colloids act as nucleation sites for electroless Cu plating onto
the surface of silica particles, leading to the gradual formation
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of continuous and complete Cu nanoshells (Figure 4D and F).
The as-prepared Cu nanoshells can be homogeneously dispersed
in ethanol to form colloidal solutions. X-ray powder diffraction
results (Supporting Information) indicate the absence of oxide
layers on the surface of the as-prepared Cu nanoshells during
and after the shell growth.
Figure 5 shows the extinction spectra of experimentally
fabricated Cu nanoshells with a core radius of 63 ( 8 nm and
several varying shell thicknesses. The core and shell dimensions
of the Cu nanoshells are determined according to scanning
electron microscopy (SEM) images obtained of the nanostructures. The standard deviations of the core size and shell thickness
are also included for the theoretical calculations. The experimental plasmon response is in each case compared with the
response obtained using Mie scattering theory, and the relative
contributions of absorption and scattering to the overall extinction spectra of the nanoparticles are shown. The positions and
line shapes of the plasmon peaks in the measured extinction
spectra are in good agreement with Mie scattering theory. Three
discernible peaks are observed. The peak in the range 800900 nm is identified as the dipole resonance, and the peak
inflections observed at ∼620 and ∼470 nm correspond quite
well to the predicted peak splitting discussed earlier (Figures 2
and 3). As the shell thickness increases, the quadrupole
resonance becomes increasingly pronounced compared to the
dipole resonance, and the dipole peak red-shifts only slightly.
These effects are due to phase retardation which increases with
the particle size.34
In conclusion, the effects of interband transitions on the
optical properties of metallic nanoparticles have been observed
and investigated in the Cu nanoshell geometry. When a dipole
or quadrupole plasmon overlaps the interband transition threshold, a double-peaked plasmon resonance appears. The measured
extinction spectra of experimentally fabricated Cu nanoshells
are in good agreement with Mie scattering theory and exhibit
this behavior for a variety of shell thicknesses. In photonic
device applications, Cu may potentially be desirable over Au
or Ag due to its compatibility with Si-based processing. Cu
nanoshells are of significant interest for potential large-scale or
large-area applications relative to their Au and Ag counterparts
due to the significantly reduced relative cost of the constituent
metal. In a more general sense, developing a better understanding of the role of electronic structure in the optical properties
of metallic nanostructures may lead to increased interest in the
development of plasmonic nanostructures based on other
material systems, incorporating additional properties and functionalities.
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Fabrication of Cu nanoshells:
Tetraethyl orthosilicate (TEOS, 99.9999%), (3-aminopropyl)trimethoxysilane (APTMS, 97%),
tetrachloroauric acid (HAuCl4•3H2O), tetrakis hydroxymethyl phosphonium chloride (THPC), and
potassium sodium tartrate were purchased from Sigma-Aldrich (St. Louis, MO).

Ammonium

hydroxide, 1 N sodium hydroxide solution, cupric sulfate (CuSO4•5H2O), 37% formaldehyde, and
200-proof ethanol were obtained from Fisher Scientific (Hampton, NH).
as received without further purification. Ultrapure water (18.2 M

All the chemicals were used

resistivity) was obtained from a

Milli-Q water purification system (Millipore, Billerica, MA).
The seed particles used in the present study were fabricated following a previously reported method.
Briefly, colloidal silica particles prepared via the well-known Stöber-Fink-Bohn method1 were used as
the dielectric core materials.

The surface of the silica particles was then functionalized with

organosilane molecules (APTMS) to generate an amine moiety coated silica surface. THPC-capped Au
S-1
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nanoparticles (~2 nm in diameter) were prepared following Duff’s method,2 and then attached to the
silica surface through the gold-amine interactions.3-5 These attached Au colloids acted as the nucleation
sites for the reduction of cupric ions from solution onto the silica surface until continuous and complete
Cu nanoshells were formed.
Cu nanoshells were fabricated via seed-catalyzed reduction of Cu(II) ions by formaldehyde in alkaline
aqueous solutions at room temperature. The Cu stock solution was prepared by dissolving 0.7 g of
potassium sodium tartrate and 0.2 g of CuSO4•5H2O in 25 mL Milli-Q water. The growth of Cu
nanoshells was accomplished by introducing 500 µL of 1 N NaOH, 200 µL of seed particle solution,
variant amount of freshly-prepared Cu stock solution, and 200 µL of formaldehyde into 2.5 mL Milli-Q
water in sequence under vigorous stir. The growth process typically took 5-10 min. The resulting
colloids were washed twice by centrifugation and redispersion in ethanol. The as-prepared Cu nanoshells
can be homogenously dispersed in ethanol to form colloidal solutions.
The morphologies, compositions, and optical properties of the products were characterized by scanning
electron microscope (SEM), transmission electron microscope (TEM), X-ray powder diffraction (XRD),
and ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopic measurements. SEM images were
obtained on a Phillips FEI XL-30 environmental scanning electron microscope at an acceleration voltage
of 30 kV. The samples for SEM measurements were prepared by drying a drop of colloidal solutions on
silicon wafer surface under ambient air. TEM images were obtained using JEOL JEM-2010 transmission
electron microscope. XRD measurements were performed on a Siemens D5000 X-ray diffractometer
using Cu K

radiation ( = 1.5418 Å). The extinction spectra were obtained using a Cary 5000

UV/Vis/NIR spectrophotometer in the wavelength range of 300 nm to 1300 nm.
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X-ray powder diffraction results:
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SI_Figure 1. X-ray powder diffraction patterns of (a) APTMS functionalized silica particles, (b) incomplete copper
nanoshells, and (c) complete Cu nanoshells (the sample illustrated in Figure 4D and E).

SI_Figure 1 shows the XRD patterns of APTMS-functionalized silica particles, incomplete and
complete Cu nanoshells. It is apparent that the APTMS-functionalized silica particles are amorphous.
Well-defined diffraction peaks corresponding to the face-centered cubic (fcc) crystalline structures of
Au6 and Cu7 are observed for the silica-Cu core-shell particles. As increasing amount of Cu is plated on
the surface of the silica particles, the intensity ratios between the Cu and Au peaks increase. No peaks
corresponding to any copper oxide species, such as CuO or Cu2O, are detectable, indicating the absence
of oxide layers on the surface of the as-prepared Cu nanoshells during and after the shell growth.
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