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Relative contributions to the plasmon line shape of metal nanoshells
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Nanoshells are mesoscopic particles consisting of a dielectric core coated with a metal shell, in particular
gold or silver, of uniform nanometer scale thickness. This topology supports plasmon excitations with frequen-
cies that are sensitively dependent on the relative radii of the nanoparticle’s core and shell. The plasmon
linewidth for this geometry is typically quite broad, nominally 100 nm or more in wavelength at plasmon
resonance wavelengths in the near infrared. Several distinct physical mechanisms control the plasmon line-
shape: phase retardation effects, including multipolar plasmon contributions; inhomogeneous broadening due
to core and shell size distributions; and electron scattering at the shell interfaces. These mechanisms are
examined in terms of their relative contributions to the plasmon line shape for nanoshells fabricated with
diameters of 100-250 nm.
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[. INTRODUCTION particle core. The first method involves the chemical reduc-
tion of HAuUCl, to Au in the presence of an aged j$a
For conduction electrons in a metal, the confining forcessolution® This reaction results in both solid gold nanopar-
on the electrons at interfaces result in resonant frequencidiles and nanoparticles with a gold sulfide core and gold
for electron motion known as plasmon resonances. When thghell. The dimensions of the nanoshells can be controlled
electrons are driven by an electromagnetic wave near thever a narrow range by adjusting the reactant ratio, resulting
plasmon resonance frequency, the optical response is e nanoshells with plasmon resonances that can be varied
hanced, causing greater absorption and scattering of the liglaver a nominal 300 nm wavelength range. The growth kinet-
and inducing large fields near the metal’s surface. For mesdes of Au,S-Au nanoshell formatiohthe linear optical prop-
scopic metals, such as colloidal nanospheres, nanorods erties of the nanoshells produced by this synthetic meffiod,
nanoshells, the properties of the plasmon resonance are comAd the ultrafast electron dynamics in the mesoscopic shell
trolled by the dielectric function of the constituent metal andlayer®*° including the effect of adsorbed molecules on the
the embedding medium, and also by the shape of thelectron thermalization dynamics in the shell lajfehave
nanostructuré.For nanoscale topologies such as nanoshelldeen studied.
or nanorods, the various properties of the plasmon reso- The second, sequential deposition method permits inde-
nance, such as its frequency and line shape, become a hightendent control over the sizes of the constituent core and
sensitive function of the precise mesoscopic topology of theshell of the nanoparticles as well as their chemical
nanostructure: for nanorods, the aspect ratio largely detecompositior>? Silica nanoparticles with polydispersity of
mines the plasmon resonancesy nanoshells, the core/shell less than 10% are used as the nanoparticle cores. Ultrasmall
ratio is largely responsible for the plasmon resonance fregold nanoparticles<£<2 nm diameter are then chemically
quency supported by this geometry. attached(usually via a linking molecule such as aminopro-
In this paper, we describe the important characteristics opyltrimethoxysilang to the surface of the silica nanopar-
the nanoshell plasmon resonance and how the core-shell ggéeles. A solution of potassium carbonate and HAuiSIthen
ometry determines those properties. We address the physiaalixed with the silica nanoparticles. Using formaldehyde, the
mechanisms that contribute to the line shape of the plasmoHAuCI, is reduced and preferentially deposited onto the
resonance for isolated nanoshells, as a function of relativbound gold nanoparticles. During this deposition step, the
and absolute core and shell dimensions. We also delineate
the relative contributions of inhomogeneous effects, such as
variations in core and shell dimensions, from homogeneous
contributions to the line shape, for nanoshell dimensions that
are currently straightforward to fabricate. ’

1. NANOSHELL FABRICATION 83

The basic geometry of a nanoshell, a dielectric core
coated with a thin metal shell, is shown in Fig. 1. There are
two reliable methods for synthesizing metallic nanosh@lls
a one-step chemical method af®) a sequential deposition FIG. 1. A nanoshell of total radius, consists of a dielectric
of a shell layer onto a previously synthesized dielectric nanoeore of radius; and a metal shell of thickness—r;.
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bound gold nanopatrticles increase in size and coalesce into a
gold shell of uniform nanometer scale thickness. The final
thickness is controlled by the reactant concentrations. The
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small fraction of solid gold nanopatrticles that are formed as @1.0.
a side product are easily removed by centrifugation. This °
multistep synthesis has recently been modified for the fabri- 208
cation of silica-silver nanoshelfs. 5 06
The extinction spectra of the nanoshells reported here are &
determined by combining measurements taken on a Hitachi § 0.4}-.
U-2001 UV-visible spectrophotometed00 to 1050 nm =
range with those taken in the near infrar€g00 to 1400 nm go_z.
using a Nicolet Magna-IR 560 spectrometer. With both in- z L. . -
struments, cuvettes filled with water were used as a refgr— 0-0400 600 800 1000 1200 400
ence. The experimental spectra were spliced at 825 nm with Wavelength (nm)
good agreement throughout the overlapped range. Transmis-
sion electron microscop€TEM) images of the silica core FIG. 2. Theoretical extinction cross sections of nanoshells in

nanoparticles and the nanoshells were obtained on a JEOwater with a silica core and gol_d shell of 45 nm ra(_jius and_5.7 nm
2010 TEM operating at 100 kV and used to determine parthickness(dashed, 91.5 nm radius and 11.5 nm thicknesslid),

ticle size, polydispersity, and the degree of aggregation. ~ and 135 nm radius and 17 nm thicknédstted. The cross sections
have been normalized to have the same magnitudes at the dipole

resonances.

lll. OPTICAL PROPERTIES . . . . .
for silica core-gold shell nanopatrticles in a readily accessible

In an optical field, a nanoparticle much smaller than thesize range.
wavelength of light will respond as a dipole. In this dipole
limit, the absorption and scattering cross sections of both A. Phase retardation effects
solid nanoparticles and nanoshells can be analytically As a gold nanoshell is scaled larger in size from the dipole
obtained®* In the dipole approximation for given core, shell, limit, its plasmon linewidth is broadened dramatically. This
and embedding media, the wavelength at which the plasmois illustrated in Fig. 2. In this figure, extinction cross sections
resonance occurs depends only on the ratio of the total radiusalculated for silica-gold nanoshells with the/r, ratio of
to the core radius;,/r,, and not the absolute sizes. As the 1.13 are shown. The cross sections are calculated using the
nanoparticle size increases to be comparable to the wavéieasured dielectric function of an evaporated film of gold
length of light, higher order multipolar contributions to the as the dielectric function of the gold shell. In the dipole
overall optical response can be excited due to the spati@Pproximation, the wavelength at which the resonance oc-
variation of the electromagnetic field across the breadth ofurs would remain constant as the total particle size is in-
the nanostructur& Mie scattering theory expresses the time-creased. However, using full Mie scattering theory, the wave-
varying electric fields in and near the nanoparticle in termdength at which the resonance occurs for a givefr; ratio
of a set of vector basis functions chosen so that each term icreases with the absolute nanoparticle size. In addition, the
the expansion corresponds to one of the resonance mddes. full width at half maximum(FWHM) which is only 90 nm
Matching the boundary conditions for the electric and magfor the smallest nanoshefl01.4 nm diametgiincreases dra-
netic fields at the interfaces between the core/shell and th@atically to 945 nm for the largest nanoshell sho@84 nm
shell/medium determines the scattering, absorption and eiametej. The shift in resonance and increase in linewidth
tinction cross sections of the particles, the angular distribuare due solely to the phase retardation of the electric field
tion of the scattered light' and the field intensities in and that occurs as the size of the nanoshells becomes comparable
around the particle. to the wavelength of the lightThis phase retardation is also

The coherence lifetime of the dipole plasmon resonancéesponsible for the excitation of spectrally distinct higher
in solid metal nanoparticles is 20 fs1® therefore this reso- Order plasmon modes, such as the quadrupole plasmon peak
nance possesses an inherently broad linewitiifhe three ~feature seen here in the 600800 nm ratfgéven though
major factors expected to contribute to the observed linethe plasmon modes remain spectrally separated in
width of the nanoshell plasmon resonance @jephase re- hanoshells, all the resonances broaden with increasing par-
tardation effects(2) the finite size distribution of core-shell ficle size. o _ _
nanoparticles, resulting in an inhomogeneous contribution to I Fig. 2 the extinction cross sections are normalized to
the plasmon linewidth for an ensemble of nanoshells,(@hd allow comparison of the dipole plasmon linewidths. The in-
electron-interface scattering within the shell layer. These factegrated extinction spectrum scales as the cross sectional area
tors can be explained using classical electromagnetic theor@f the nanoshell just as for solid metal nanoparticles, in ac-
Quantum confinementi.e., the splitting of the conduction cordance with energy conservation.
band into discrete levelss not required to explain the plas-
mon linewidth. We examine, both theoretically and by com-
paring our calculations to experimental spectra, the relative Statistical variations in particle size are experimentally
contributions of these three effects to the plasmon linewidthinevitable for both the core and shell layers of a nanoshell.

B. Core and shell size distribution
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1.0 core nanoparticles. Despite that, the extinction cross section

Bool is still not as broad as the experimental linewidth: this dis-

3 crepancy is due to electron-interface scattering as described

@0'8' in the next section.

507}

Sosl C. Electron-interface scattering

50_5_ Electron-interface scattering is a broadening mechanism

ol introduced by electron scattering in the thin shell and is evi-

80'4' dence of a deviation of the gold in the shell layer from its

%0.3. bulk dielectric properties. The dielectric functier{w) of

£ 0.0k gold can be modeled as having two components: the first due

2 to d-band to conduction band electron transitions
01460 800800 7000 7200 &(®)inerbang@nd the second due to Drude conduction elec-

Wavelength (nm) trons:

FIG. 3. Measured extinctio¢solid line) with normalized extinc- w2
tion cross sections calculated from the measured dielectric function £(w)=&(®)interbandt ( 1- 2—p> («h)
of gold (Ref. 18 with no size distribution(dashed, a 7% core 0" 10Ypuk
radius distribution(dotted, or a 7% core radius distribution and \yherew is the frequencywp is the bulk plasma frequency
10% shell thickness distributiofdash-dot. Dimensions are 91.5 (1.37% 108 rad 5—1) and yyu, is the bulk collision fre-
nm core radius and 103 nm total radius. quency (3.3% 10'3 sfl) 21 The bulk collision frequency

. h lati bt he ol i embodies a number of physical processes such as electron-
To examine the relative contribution to the plasmon line-gjactron, electron-phonon, and electron-impurity  interac-

width of such size distributions we incorporate the observegisns However. in the case of mesoscopic metal structures

size variations as Gaussian distributions in our Mie scattefynen one dimension of the metal is reduced below the elec-
ing theory calculations. To include a core distribution, eX-yon mean free path, an additional collision frequency, corre-

tinction cross sections for 50 different core sizes rangings,onding to electron-interface scattering at the inner and
from two standard deviations below the average core size tgter interfaces of the metal layer, becomes signifiént.
two standard deviations above are calculated. These extingre case of gold, the electron mean free path at room tem-

tion cross sections are weighted by the magnitude of th@eratre is~42 nm. To accommodate the reduced mean free
Gaussian distribution and summed. A similar procedure ig,5¢h of electrons due to the boundaries of the thin metallic

LOIl‘;W;d f_gr a Gauisian Sh%" size distribut(ijon. To include gy 5 modified collision frequendy is introduced into the
oth distributions, the procedure Is repeated twice, NeCesSfe|actric function, with an additional electron-interface scat-
tating a total of 2500 different cross sections in the sum. tering term related to the thickness of the shell:

In Fig. 3, the solid line is the measured extinctidof a
solution of nanoshells. Since the volume fraction of I'=yout+Ave/d, (2)
nanoshells in the solution was onlyx7.0°, the measured . . )
extinction of the nanoshell solution should be proportional toVhe"e Ybuik i the bulk collision frequegtl:y gescnbe_d above,
the extinction cross section of a single nanoshell, the concer:r IS the Fermi velocity (1.% 10° ms™*),* andd is the
tration of nanoshells, and the optical pathlengBrom TEM shell thickness. The parametarhas been gsed to account
images, the core nanoparticles were determined to have fgr the angular nature of electron scattering, the shape of
radius of 866 nm, while the complete nanoshells had ahanoparticles, and the chemical interface between nanopar-
radius of 1024 nm. The dashed line is the extinction cross icle and embedding mediumThe modified collision fre-
section for a gold nanoshell with a 91.5 nm silica core radiusluency IS incorporated into the measured dielectric values
and a 11.5 nm thick gold shell calculated using the measureéi(@)exp 0 determine the size-dependent dielectric function
dielectric function of gold® The size of the silica core ob- ©f gold &(a,w):
served in TEM images is frequently 5 to 10% less than the 2 2
size determined from the best fit to the nanoshell extinction “p _9p 3)
due to the shrinking of the porous silica nanoparticles when 0’ +ioypy o’tiol '
exposed to the electron beam of the TEM he experimen-
tal linewidth is much broader than that calculated from the In Fig. 4(a), the effects of increased electron-interface
measured dielectric function of gotf The dotted line is the scattering are demonstrated for the same nanoshells as de-
extinction cross section calculated incorporating a core sizecribed in Fig. 3. The dotted line is the extinction spectrum
distribution of 7%, as was determined by TEM. The dot-daskcalculated usingA=3. The extinction spectrum calculated
line is the extinction cross section which incorporates a coravith the inclusion of electron-interface scatteriidotted
size distribution of 7% and a shell size distribution of 10%.line) does a good job of reproducing the linewidth of the
This shell size distribution is probably larger than the physi-measured spectruiisolid line).
cal size distribution given that the distribution of particle In Fig. 4(b), the measured extinction of nanoshells grown
sizes decreases for the complete nanoshells compared to thith a thicker shell on the same silica core nanoparticles is

£(a,0)=e(0)expt
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In order to reproduce the linewidth of the measured spec-
50l RN | tra, a value ofA greater than one is required. This implies
* \ that the effective path length between electron scattering
# events is less than the shell thickness. This may be due to the
manner in which the shell grows from many nucleation
points, resulting in grain boundaries and fissures near the
surface when the shell coalesces. Scattering from these grain
boundaries and fissures could result in shorter effective path
lengths?? As the shell is grown thicker, the surface may be-
"400 800 1200 come smoother, leading to an increased effective path length.
Wavelength (nm) In comparison, for highly crystalline A%-Au nanoshells, a
value of A equal to 1 accurately accounts for the linewidth of

Extinction Cross Section

S the plasmon resonances. For those nanoshells, the shell

E thickness was typically only 3 to 5 nm. For AS-Au

@ nanoshells, the contribution of electron-interface scattering

8 dominates the plasmon linewidth even with particle size dis-

cz tributions of 15—20 %8

o

B IV. CONCLUSION

w 0.0 In this paper we have investigated the major contributions
400 800 1200 to linewidth broadening of the plasmon resonance in a di-

Wavelength (nm) electric core-metal shell nanostructure. The three mecha-
o - o nisms that contribute to the broad spectral response of the
FIG. 4. _Measured extinctio¢solid line9 scaled _to the_extlnctlpn Plasmon aré1) phase retardation effects due to the finite size
cross section calculated from the r_neasured dlelectrlc_functlon Oof the nanostructurd?) inhomogeneous broadening due to a
gold (Ref. 18 (dashesf or incorporating electron scattering at the distribution in core and shell sizes, a(R) electron-interface
interfacegdotted. Dimensions aréa) 91.5 nm core radius and 103 tteri hich difies the di I, tric f i f the shell
nm total radius anéb) 91.5 nm core radius and 115 nm total radius. scattering, whic _mo INes _e ielec ”C. unction ot the she
layer and scales inversely with shell thickness. The two ho-
shown as a solid line. For these nanoshells with a thickemlOgeneo.US k}roadenlng mechams.rtr)]s offphase retardhat|or|1 and
shell, the dipole plasmon shifts to shorter wavelengths, a§ cctron-interface scattering contribute far more to the plas-

predicted by the dipole approximation for the change in core on I|neW|dth th.an does the variation in pgrtlcle size. The
shell ratio! The relative contribution of the quadrupole plas- relative contributions of these three mechanisms depend both

mon increases, as predicted for particles of larger'sgrem 0N the core/shell ratio and on the absolute size of the

TEM images, the total radius of these nanoshells was 11gano:shell constituent layers, as well as the relative size of the
+5 nm. The extinction cross section calculated from theh@nostructure compared to the wavelength of incident light

measured dielectric function of gdftis shown as a dashed at resonance.
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