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Optical Properties of Metal Nanoshells
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We present a combination of theory and experiment designed to elucidate the properties of gold nanoshells.
Wet chemistry methods are used to prepare the nanoshells, and transmission electron microscopy (TEM)
analysis is used to characterize the shell structure, demonstrating the presence of pinholes in the shells. Both
Mie theory and the discrete dipole approximation (a numerical method) are used to characterize the
electrodynamics of the shell structures, including both perfect and pinhole defected shells. The calculations
show that 25 nm pinholes have only a small effect on the extinction spectra; however, they lead to local
electric fields that are enhanced by a factor e#3lose to the plasmon maximum. This makes metal nanoshells
(with holes) attractive materials for surface enhanced Raman spectroscopy applications.

I. Introduction nanoshells having hollow interiors by reacting aqueous HAuUCI
solutions with silver nanoparticles. The resulting nanoshells have
plasmon resonances that are strongly red-shifted compared to
solid gold spheres, with a wavelength that is tunable depending
on the ratio of the shell thickness to its diamef&Fhis tunable

optical feature makes nanoshells attractive for applications to

There have been several important recent discoveries con-
cerning the use of wet-chemical methods to make in high-yield
dispersed gold and silver colloidal particles with well-defined
structures other than solid spheres. These include nanoscal
rods! triangular prisms;® disks?# and nanoshell%:1* Some . ;
of these synt%etic gpproaches have involved transforming initial- extlnct!or’?z or SERS-based sensify:® . .
ly prepared solid spheres into one of these shapes, and when this In .th's Paper, we prepare go.ld panoshell partlples with hollow
happens, the surface plasmon resonances are strongly affecte nteriors using an approach similar to the published mefiod.

typically red-shifting and even splitting into distinctive dipole and hterestingly, we find that pinholes (few hanometers in size)
quadrupole plasmon mod&812This has caused extensive inte- are present on the gold nanoshells. These pinholes could then

rest in using these particles in photonic materials and biosensorsS¢'Ve s cavities in which trapped molecules might have possibly

To characterize these intriguing optical features, a number Interesting, but unknov_vn, consequences for extinction and
of theoretical approaches have been developed, including theSERS' A_Ithough the extinction spectrum ofa pe”‘?“ hanoshell
discrete dipole approximation (DDAJ, 5 finite difference time can eaS|I_y be determined by Mie theory, the mf_luence of
domain methods (FDTD the multiple multipole metho# pinholes in the shell surface cannqt. To address this problem,
and the modified long wavelength approximation (MLWA&): we use the DDA method to study pinhole-defected nanoshells,

Among them, the DDA is a particularly useful technique for
describing isolated nanoparticles with arbitrary shape and a
complex surrounding environment (solvent, substrate, other

determining both far-field (extinction) and near-field (local field)
effects. We find that while the pinhole does not affect the
extinction spectra of gold nanoshells, it does create local E-field
enhancements that can serve as hot sites for SERS.

nearby particles)? In the DDA, the object of interest is
represented as a cubic array Mfpolarizable elements. The
response of this array to an applied electromagnetic field is then
described by self-consistently determining the induced dipole  Au nanoshells have been prepared by reacting HAu@h
moment in each elemeft.This information can be used to  silver nanoparticles similar to the method published by Sun and
determine far-field properties such as extinction efficiencies and Xia.22 Briefly, Ag nanoparticles were prepared by injection of
also near-field properties especially the electromagnetic field NaBH, (50 mM, 2 mL) to an aqueous solution of AgN(.2
(E-field) near the particle surfaéé#15 mM, 100 mL) in the presence of sodium citrate (0.5 mM). The

Metallic nanoshells are one of the most interesting and resulting Ag colloid was then kept at 7T for 2 h2® While
possibly useful of the recently developed nanoparticle struc- stirring, 0.68 mL of HAuCJ (0.1 M) was added to 100 mL of
tures?~11.18-20 These particles usually consist of a thin metallic the Ag colloid solution. A color change from yellow to red to
(Au or Ag) shell around a dielectric core (such as Si@ dark blue was observed during the course of the replacement
polystyrenef:1! Very recently, Halas and co-workétshave reaction. Afte 1 h of stirring, the particles were purified by
developed a new strategy to produce reduced-symmetry met-gradient centrifugation, washed twice using an aqueous solution
allodielectric nanoparticles such as nanocups and nanocaps. Sugf sodium citrate (0.3 mM), redispersed in 5 mL of sodium
and Xig? reported a simple approach to the fabrication of gold citrate (0.3 mM), and finally kept at C.

The resulting particles were characterized optically using a
Cary 5 spectrophotometer and structurally with a Hitachi HF
2000 TEM and a Molecular Imaging PicoSPM operating in
contact mode.

II. Experimental Section
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lll. Discrete Dipole Approximation (DDA) Calculations

The DDA method has been described in detail elsewtiete.
The induced dipole polarizatioR; in each cubic element is
determined from

P = oyE (1) 1)

whereo; and r are the polarizability and location of thh
dipole, ancEq is the local electric field. The local field at each
dipole is given by

Ejoc; = Eo explkr;) — zAij P, (2)

=

whereEg andk are the amplitude and wave vector of the incident
field, respectively. The interaction matri has the form

Ai' -P‘ =
exp(kr“)

(1 — ikry)
KTy (ry P + [P, = 3ry(ryP)]
i i (i)
3)
wherek = w/c. Substituting eqs 2 and 3 into 1, we can we
generate the system of equations

A"P=E (4)
where the off diagonal elements of the mat#y;,, are same as
Ay, and the diagonal elements of the matwy;, area - 1 Figure 1. (a) TEM photograph of Au nanoshell, (b) high-resolution
For a system witiN total dipolesf andP are 3\-dimensional TEM photograph of individual Au nanoshell, and (c) intensity line-
vectors, andA’ is a AN x 3N matrix. Solving this set of ¥ scan across a gold elemental map of particle shown in Figure 1b.

complex linear equations, the polarizatiodsre determined,

and from this we derive the extinction cross-sectiGg using .
of nanoshells match that of the Ag nanoparticle templates. An

Ak important feature of these particles is the presence of pinhole
Cext = z IM(Ejre,;**P) (5) (several nm) structures, which may allow both HAu@hd Agh
N to continuously diffuse across the shell until the entire Ag
template has been etched. Because the TEM image is a
All calculations here refer to water as the external dielectric 2-dimension view of the nanoparticles, the white spots on
medium for both inside and outside of Au nanoshells. The nanoshells represent the smallest size of holes, where the
dielectric constant in all calculations has been taken from Palik electron beams could go through from top to bottom of the
but smoothed as described by Jensen ef &l of the nanoshells. The HRTEM image (Figure 1b) of an individual
calculations refer to a DDA grid size of 1 nm. In previous Au nanoshell shows that the shell thickness for this particle is
work,? we demonstrated that the E-fields obtained using the about 3.0 nm. Figure 1c is an intensity line-scan of elemental
DDA approach are converged to within a factor of 3 for grid gold across an individual particle using the Gatan elemental
sizes of 1 nm compared to what is obtained from Mie theory. mapping techniqué& This confirms the hollow structure with
More accurate results can be obtained using finer grids (es-high gold intensity seen at the edge and lower in the center.
sentially quantitative results arise for a grid size of 0.25 nm)  The nanoshells were further characterized using atomic force
however the substantial additional expense is not crucial for m|croscopy (AFM) us|ng contact mode. Au nanoshells were
the present application where the relative sizes of enhancementgjispersed onto a clean silicon surface and dried in air. Although
are of primary interest. tip-limited lateral resolution limits the characterization of
nanoshell shape, a cross-sectional line scans yields particle
diameters, assuming a spherical sh#p&FM measurements
(see Figure S2 in the Supporting Information) are consistent
IV.A. Characterization. In past work, silver nanoparticles ~ Wwith TEM results verifying the particle dimensions.
including sphere® rods?® cubes?” and triangular prisnt§2° Figure 2a presents extinction spectra for the initial silver
have been etched with HAugLto generate hollow particles.  particles and the final gold shells. The shell spectra show a
Sun and Xia generated seamless Au nanoshells by combiningbroad maximum at 736 nm that we will analyze in the next
the replacement reaction with annealfgpitially, the addition section.
of HAuCl,4 to an aqueous solution of silver nanoparticles leads  IV.B. Theoretical: Extinction Spectra. It has been dem-
to a replacement reaction with a molar Au/Ag ratio of 0.33:1. onstrated both experimentally and theoretically that nanoshells
The elemental Au nucleates and evolves into a thin shell aroundexhibit interesting extinction spectra that are strongly dependent
the Ag template. As shown in Figure 1a (as well as Figure S1 on size and shell thickne8412022Sometimes these nanoshells
in the Supporting Information), the Au nanoshells have a broad have pinhole-like defects.32 However, it is not known how
size distribution ranging from 20 to 40 nm. The size distribution the optical properties of the nanoshells depend on the pinhole

IV. Results and Discussion
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Figure 2. (a) UV—visible spectrum of a solution of Au nanoshells, (b) the Mie theory calculated extinction spectra of Au nanoshells (18 nm in
radii) with varying shell thickness, (c) the Mie theory calculated extinction spectra of Au nanoshells (3 nm in thickness) as function of particle
radius, (d) the DDA calculated extinction spectra of Au nanoshells (18 nm in radii) with varying shell thickness.

structures. To provide insight into this, we used Mie thédry 54
and the DDA methol 15 to calculate the extinction spectrum ]
of the Au nanoshells.

Figure 2, parts b and c, shows Mie theory results for perfect
shells, demonstrating the well-known result that the extinction
spectrum is very sensitive to the thickness and size of the
nanoshells, with the plasmon resonance shifting red when the
thickness is decreased and the size is increased. Note that the
dielectric constant is modified for all calculations according to
the shell thicknes%"35 Similar calculations performed without
this correction yield extinction spectra with a sharpening and
intensification features. These results agree with results for Au
nanoshells with dielectric cores that were reported by Halas et |
al.>10 and for hollow nanoshells reported by Xia et?afé In 1
addltlon, we see that the width of the experimental obs.erv.atlo.ns 300 400 500 600 700 800 900 1000
(l?gure 2a) _czlin be unde(;str(])_oi based on the broad distribution Wavelength (nm)

0 n_anopartlce sizes and thicknesses. Figure 3. DDA calculated extinction spectra of Au nanoshells (18

Figure 29' ghows that th,e DDA results for th_e perfect shells nn%] in radii and 3 nm in thickness) Witﬁ different numbers of hcgles
are very similar to the Mie theory results (Figure 2b), thus each with 3 nm in diameter.
demonstrating that the DDA method is capable of describing
the shell electrodynamics adequately. Further DDA calculations
(Figure 3) that we discuss below show that pinholes§2im shell resonances. In this case, the influence of the hole on the
in diameter) do not affect the extinction spectra of the shell spectrum is significant, as the area of the hole is
nanoshells. Thus, except for inhomogeneity, the calculated comparable to the projected area of the shell. This contrasts
perfect nanoshell spectrum for nanoshells that are 36 nm in with what we consider here, where our pinholes are only a few
diameter and 2.5 nm in thickness is sufficient to explain the percent of the size of the shell.
experimental observations. This result is different from what IV.C. Theoretical: Local Field Effects. Metal nanoshells
was concluded in the nanocup studies of Charnay ét alho are considered to be attractive for applications in SER&d
used FDTD calculations to show that cup structures (50 nm environmental sensirf§.SERS has been the subject of extensive
hole in a 50 nm radius shell whose thickness is 25 nm) produce studies!®36-38 and it is generally agreed that an important
plasmon resonances that are strongly shifted from the perfectcontribution to the SERS enhancement comes from the elec-
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Figure 4b shows a line scan of the E-field enhancement for
x = 0 along they axis (solid line), and foly = 0 along thex
axis (dashed line). We see that the largest fie|d8$2) at the
outside and inside surfaces are 80 and 90 times the applied field,
respectively. This is comparable to the largest fields that are
found at the surfaces of spherical silver particles of comparable
sizel?

Figure 5 shows the effect of the presence of one and two
pinholes on the E-fields around the Au nanoshells. When the
polarization is along thg axis and holes are located at either
x = R for one pinhole ox = £R for two (R = the sphere
radius) and witty = z= 0, the local E-field enhancement shows
a maximum at the pinhole locations. A line scan analysis of
the E-field enhancement for = z = 0 shows a maximum
around 320 times the applied field. This enhancement is about
3—4 times that of the seamless nanoshells. It turns out that even
larger fields (nearly 1000 times the applied field) are obtained
in Figure 5, parts b and c, for geometries slightly off the line
scan. Figure 6 shows the largest E-field enhancements for the
. hole region associated with Figure 5b, and we see that the largest

| "‘--._|, E-field is slightly displaced from the middle of the pinholes.
30 | l\ The precise details of where the fields maximize are subtle, as
Jlj \ h for small holes the maximum field is in the middle (where the
/" /' '-\\ cont_rib_ution of the top and bottom shell surface_s simultaneously
- NN maximize), and then it moves away from the middle to the shell
U ST surfaces as hole size increases (i.e., the contribution of one shell
-50 0 50 surface dominates over the other). This junction behavior is
Figure 4. (a) E-field enhancement contours external to pinhole-free similar to what was previously found at the junction between
Au nanoshells (18 nm in radii and 3 nm in thickness, with wavelength two nanoparticle4®43 When the polarization is along theaxis,
chosen to be the plasmon maximum). (b) Line analysis of E-field \ye find that the E-field enhancement at the pinholes is almost
enhancement fox = 0 along they axis (solid line), and foy = 0 the same as that for the pinhole-free nanoshells. Variation of
along thex axis (dash line). The axis represents the polarization hole sizes from 2 to 5 nm leads to similar E-field enhancement
direction. The DDA calculations use a cubic grid with a grid spacing = ; 3
of 1 nm. predictions (though the location of maximum enhancement
varies). All of the calculations above consider cylindrical shaped

) ) ) holes on the nanoshells; further variation of hole shapes (such
tromagnetic (EM) enhancement mechanim, which plasmon 45 ellipse and triangular prism as shown in supporting materials,

excitation in the particle creates an enhanced E-field near thegigure S3) also leads to similar E-fields enhancement predic-
particle, which in turn leads to enhanced Raman excitation and tjgns.
emission. The electrodynamics of metal nanoparticles including g, Ag rods, Ag spheroids, and Ag triangular prisms, the

spherc_)ids, rods,_ and triangular prisms has been of intSerest,peak E-fields are calculated (using the same DDA approach
especially to estimates of the SERS enhancement f&&td described here) to be about 4500, 4700, and 3500 times the

For perfect metal nanoshells, Mie theory has been used 10, jieq field, respectivel§t so the pinhole enhancements found
determine E-field enhancements, and the correlation between,are are not unusual: however they do provide a significant

particle structure and calculated SERS enhancement accuratelys¢to ot relative to the pinhole free results.
matches measured resulfs.
Upon pl'asmon e>.<C|tat|on, 'the induced polarlzgnon ina \, conclusion
nanoshell is predominantly oriented along the applied electric
polarization vector. Figure 4a shows electrical field (E-field) We report the synthesis of Au nanoshells via wet-chemical
enhancement for a pinhole free nanoshell, plotted as contoursmethods. TEM results indicate that the shell is not continuous,
of |E|2. We see large field enhancements both inside and outsideresulting in pinhole (several nm) structures. Using the discrete
of the nanoshells. For the outside E-field, the maximum dipole approximation and Mie theory, we find that the optical
enhancement occurs along thaxis (i.e., along the polarization  properties of metal nanoshells depend strongly on their size and
direction) and only locations within a few nm of the shell shell thickness. This result is consistent with previous studies
surface. This is a typical result for a dipole plasmon resongihce. of metal nanoshells with dielectric cores. Our DDA calculations
However, inside the shell, large fields are found for a large indicate that the pinholes have a weak effect on extinction
volume of the spherical cavity, with the maximum enhancement spectra, but they provide hot spots for electromagnetic field
occurring close to the shell surface along theaxis. This enhancement such thgE|? is 3—4 times larger or even close
behavior can be understood by realizing that in the electrostaticto 10 times larger for peak fields. This means that molecules in
limit (i.e., very small shells), the quasistatic (LaPlace equation) pinholes will show SERS enhancements that are abott 10
field inside the cavity is a constant (i.e., independent of position). 100 times that for molecules on perfect shells (the square of
We verified that the DDA calculations give this result for 10 the E-field enhancement). The E-field enhancement from metal
nm diameter particles. However, for the 36 nm patrticles, finite nanoshells is comparable to that of nanoscale triangular prisms,
wavelength effects lead to depolarization, and thus, the field spheroids, and rods. Of course the significance of this result
inside the shell is mostly in the range from 20 to 50 times the would depend on the pinhole density; however, if more than
applied field. 10% of the surface area were pinholes, then the contributions
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Figure 5. (a) E-field enhancement contours external to a Au nanoshell (18 nm in radii and 3 nm in thickness) with one hole and wavelength taken
to be the plasmon peak, (b) 3-D plot of (a), (c) Line scan analysis of (a) 010 and alongk axis, (d) E-field enhancement contours external to

a Au nanoshell with two holes, (e) 3-D plot of (d), (f) Line scan of (d)yor 0 and along the axis. The DDA calculations use a cubic grid with
a grid spacing of 1 nm.

Supporting Information Available: TEM photograph of
Au nanoshell (Figure S1). AFM image of Au nanoshells and
cross-sectional topographic analysis of the Au nanoshells (Figure
S2). E-field enhancement contours external to a Au nanoshell
(Figure S3). This material is available free of charge via the
Internet at http://pubs.acs.org.
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