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In this Letter we present a coherent description of the optical properties of a unique type of
nanoparticle, metal-coated dielectric nanoparticles. These structures occur naturally in the form of Au-
coated A4S nanoparticles. During the course of nanoparticle growth, the plasmon-related absorption
peak undergoes very large shifts in wavelength, fre650 to ~900 nm. We show that this plasmon
peak shift is purely classical in origin and is determined solely by the relative thickness of the Au shell
and the AuS core diameter. This understanding of the optical properties of these nanopatrticles is used
to elucidate the nanoparticle growth kinetics. [S0031-9007(97)03286-9]

PACS numbers: 61.46.+w, 36.40.Vz, 82.70.Dd

Colloidal gold is, in many ways, the prototypical metal- by the dimensions and the dielectric properties of the
lic nanoparticle. Its remarkable properties have been thAu,S core and the Au shell. In addition, Zhetial. state
subject of numerous investigations and applications sincthat at later times in the reactior?'S diffuses through
before the time of Faraday. In recent years, investigationthe gold shell and reduces the /i core, resulting in
of gold nanoparticles have increased due to their novedn increase in the shell thickness with the core becom-
nanoscopic properties and device applications [1-4]. Iing smaller until the particles become pure gold. This
this Letter, we describe the properties of Au-coated dieleckinetic scenario is unlikely for the following simple rea-
tric nanoparticles, or gold nanoshells. This configuratiorson: S~ does not exist in aqueous solution at gl
of a dielectric core coated with a metal nanoshell occur$7]. This improved understanding of the optical proper-
naturally in the growth of AYAuU,S nanoparticles. Gold ties of Au nanoshells allows us to probe the growth ki-
nanoshells possess quite remarkable optical properties thagtics of these nanoparticles, where our results indicate
differ dramatically from those of solid gold nanoparticles. that the plasmon peak shift is consistent with a two-stage
During the course of nanoparticle growth, which takesmodel of nanoparticle growth where first the /Ricore,
place via reduction in solution, the plasmon absorptiorthen the Au shell, grows linearly in time.
peak typically shifts fron~650 to ~900 nm or beyond, ACS reagent grade HAuCland NaS were obtained
depending on reactant concentration. By comparison, thigom Sigma. Either triply distilled or HPLC grade,B®
plasmon peak shifts observed in solid gold nanoparticlesyere used for making the aqueous solutions. The typical
via size variation or adsorption of molecular or dielectricreaction was started by mixing 1 mM Ma in 2 mM
species, are negligible<10 nm) [5]. This unique redshift- HAuCl, with a 1.2:1 volume ratio.
ing of the nanoparticle plasmon resonance to wavelengths Previous studies have demonstrated tHat iS never a
in the visible and near infrared regions of the spectrum, @ominant aqueous species at goiy [7]. When NaS
wavelength region of extreme technological interest, mays mixed with water atpH 7, the S~ reacts with the
prove to be of tremendous importance for optical applicawater to give HS and OH . Thus, the initial reactants
tions. are AuCl~ and HS. This and simple electrochemical

A previous study by Zhowet al. established the ex- considerations lead us to propose the following reaction
istence of the Au-coated A8 nanoparticles [6]. How- for the reduction process leading to the growth of Au-
ever, we conclude that various aspects of their analysisoated AyS nanoparticles:
are contradictory to our results. Most importantly, Zhou _ - + _
et al. attribute the initial redshift of the Au-coated A% 2AUCL,™ + 3HS =2Au + 35 + 3HT + 8CI™. (1)
nanoparticle absorption peak to quantum confinement iu and S are then available for subsequent nucleation
the thin Au nanoshell. Our calculations show that quanand growth. Both Au and Au-coated A8 nanoparti-
tum confinement (or classically, surface electron scattereles are grown simultaneously under these reaction condi-
ing) does not result in a redshift of the absorption peaktions. Nanoparticle growth was monitored using a Hitachi
We show that the reduced mean free path of condudJ2000 spectrophotometer and the UV-visible spectrum
tion electrons in the Au shell does result in broadeningvas recorded from 400 to 1050 nm every few minutes.
of the plasmon peak, but this phenomenon does not shifi sequence of UV—-vis absorption spectra obtained dur-
the plasmon resonance. In short, our results show thang a typical reaction is shown in Fig. 1. There are two
the plasmon shift is classical in origin, and is determinecpeaks in each spectrum due to the simultaneous formation
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FIG. 2. Nanoshell geometry used in Mie scattering calcula-
tions. The A4S core has radiug. and the total nanoparticle
radius isR. Permittivities are given in text.

200 500 600 700 800 900 1000
Wavelength (nm)
FIG. 1. Evolution of the UV-vis absorption spectrum as thetivity e,(w), modified as discussed below, were used [13].

nanoparticle growth proceeds. The peak-a20 nm is due to - . .
the plasmon resonance of pure gold colloid. The second peak i€ core-shell system is embedded in an aqueous medium

due to the plasmon resonance of Au-coated®nanoparticles. Of dielectric constang, = 1.78.

Each spectrum is labeled by the corresponding reaction time.  For a complete description of the plasmon response
of metal nanoshells, line broadening mechanisms must
also be considered. Since the gold shells of these

of solid Au nanoparticles and Au-coated /81nanopar- nanoparticles are thinner than the bulk electron mean free

ticles. The absorption peak which remains~a820 nm  path in gold, a contribution to the dielectric function due
throughout the reaction is due to the plasmon resonangg size-dependent electron scattering becomes important.
of gold colloid. The second peak is due to Au-coatedThe width of the absorption peak when size-dependent

Au,S nanoparticles as originally determined by Zhouelectron scattering becomes important can be described as

et al.[6]. As the reaction proceeds, this peak firsta modification of the bulk collisional frequency [5],

redshifts, and then at later times there is a dramatic

blueshift. As the reaction progresses, the FWHM of the I' = ypux + A X Vg/a, (2)

Au nanoshell peak narrows from 0.75 to 0.45 eV. ) o ]

The size distribution of the Au-coated A8 nanopar- Where yeux is the bulk collisional frequency’ is the
ticles was determined from transmission electronF€rmi velocity, anda is the reduced electron mean
microscopy (TEM). A histogram was obtained using theffée path. For our nanoparticles, we takeequal to

NIH IMAGE program to measure the diameter of eachthe shell thickness(R — R.). A is a parameter which

particle [8]. The Au-coated A% nanoparticles have depends_ upon the geometry and theqry used to derive this

an average diameter of 40 nm at the end of the reactiofXPression [14]. In the context of simple Drude theory

(with the reaction conditions as described above) and cand isotropic scatteringA = 1. The bulk dielectric

be described by a Gaussian distribution. The standarf#nction of the gold nanoshells is then modified as

deviation ranges from about 10% to 20% in differentfollows:

samples. w? w?

It is well established that the optical absorption spectragx(a’ ®) = &(w)exp T 02 + iw T W2+ il
. . . Ybulk @ [X0]

of alkali and noble metal nanoparticles consist of strong

peaks that originate from plasmon excitations. There- ®3)

fore, we would also expect the optical spectra of metak,(a, w) is the size-dependent dielectric func-

nanoshells to be plasmonic in origin. We employ a genertion where e(w)ep IS the experimental dielectric
alized Mie scattering approach [9,10] to calculate the abfunction [13], and o, is the bulk plasmon fre-
sorption and scattering cross sections of metal nanoshellguency of gold. Additionally, in any colloidal pre-
using the specific geometry shown in Fig. 2. The core coneipitation process there is a distribution of nanoparticle
sists of a sphere of radiuB. with a dielectric constant sizes, leading to inhomogeneous broadening of the

e. = 5.4. The core dielectric constant was determined byabsorption spectrum. Although quite often a log-normal

using the calculated band gap for /Ai[11] and the em- distribution describes the size population distribution

pirical expressione2E, = 77 where e, is the dielectric [15], TEM statistics on Au-coated A& nanoparticles
constant ancE, is the band gap [12]. Surrounding this indicate that they can be well described by a Gaussian

core is a concentric shell for a total nanoparticle radtus size distribution with a standard deviation of 10%—20%

where values of the experimentally measured bulk permitfor the total radius.
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By including both size-dependent and inhomogeneous We have applied this quantitative understanding of the
broadening in our Mie calculations, the plasmon pealoptical properties of metal nanoshells to gain insight into
width narrowing, in addition to the plasmon peak shifts,the growth kinetics of Au-coated A& nanoshells. In
can be accounted for as nanoparticle growth proceedgeneral, the kinetics of colloid precipitation is quite com-
Figure 3 shows how the calculated plasmon peak complex and only specialized cases have been solved analyti-
pares in both peak location and width to the experimentallyally. For example, for ideal diffusion limited growth the
observed peaks, at six different times during the reactiomanoparticle radius grows according(tine)'/?, whereas
In these calculations, the specific values for the cordor surface-limited reactions, the particle radius follows
radiusR. and total radiusk are obtained via our growth a linear growth law [16,17]. During the initial-20 min
model, as discussed below. For the gold shell, we usef Au-coated A4S nanoparticle growth, we assume that
the size-dependent dielectric function [Eq. (3)]. The purehe core radius grows linearly in time. This model for
gold colloidal plasmon resonance is also included in thisAu,S nanoparticle core growth is shown in Fig. 4(a).
fit. For each spectrum, only the total particle radiugras  After ~20 min, and consistent with reactant depletion,
adjusted within experimental uncertainties. A populationthe core growth stops, the core radius remains constant
size distribution of standard deviatien= 11% in agree- at ~15 nm, and the Au nanoshell increases in thick-
ment with our experimentally obtained TEM statistics,ness. Comparison of plasmon shifts calculated for the
was also included. Early in the growth reaction, the peakanoparticle geometry of Fig. 2 using this model for the
widths predicted by our model are slightly larger thancore growth permits us to theoretically predict the Au
those experimentally observed. This could be due to theanoshell thickness as a function of time during nanopar-
fact that the size distribution is initially narrow and broad-ticle growth. We also employ a constraint obtained from
ens as the reaction proceeds. In fact, if the broadenin@EM analysis: the nanoparticle diameter must asymptoti-
due to the population size distribution is neglected for thecally approach the observed value of 40 nm. Figure 4(b)
earliest reaction times (while still including size-dependenshows the calculated plasmon peak position vs time corre-
electron scattering), the agreement with experiment furthesponding to the core radii of Fig. 4(a). The experimen-
improves. The pluses in Figs. 3(a) and 3(b) show theal plasmon peak location is also plotted in Fig. 4(b),
results of calculations where the size distribution of
nanopatrticles is neglected. In general, at all times during
the reaction this theoretical approach vyields excellent 2
agreement with experiment. a.
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FIG. 3. (a)—(f) Comparison between Mie scattering cal-
culations (dotted line), including the line broadening effects
mentioned in text, and experimentally obtained UV-vis
spectra (solid line) as nanoparticle growth proceeds. Calcu-
lations are obtained using a size distribution with standard
deviation o = 11%. The + symbols in (a) and (b) are

calculations performed with a standard deviation in the size
distribution of o =0%. (@ R.=4.1nm, R =5.1nm. FIG. 4. (a) Postulated growth for the AS core. (b) Cal-
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(b)R. =86nm, R=99nm. (c)R.=13.1nm, R = culated e) and experimental ) plasmon peaks for the Au
14.8 nm. (d)R. = 15.1 nm, R = 17.3 nm. (e)R. = nanoshells as nanoparticle growth proceeds. (c) Calculated Au
152 nm,R = 188 nm. (f) R, = 152 nm,R = 19.3 nm. nanoshell thicknesses.
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