J. Phys. Chem. @008,112,7309-7317 7309

ARTICLES

Effects of Geometry and Composition on Charge-Induced Plasmonic Shifts in Gold
Nanoparticles

Bala Krishna Juluri, T Yue Bing Zheng Daniel Ahmed,' Lasse Jenser,and Tony Jun Huang*®

Department of Engineering Science and Mechanics and Department of Chemistry, The Renastate
University, Uniersity Park, Pennsyhnia 16802

Receied: September 12, 2007; In Final Form: January 9, 2008

In this work the influence of geometry and composition on the charge-induced plasmonic shifts (CIPS) of
gold nanoparticles are systematically studied using Mie scattering theory and the discrete dipole approximation.
The sensitivity of nanorods and nanodisks with different aspect ratio and nanoshells with different volume

fractions and compositions are studied using different charging levels. The electrodynamics calculations were
performed by changing the internal electron density in the Drude model for the dielectric constant of gold.
We show that, for a constant volume, nanodisks and nanorods exhibit CIPS with a linear dependence on
aspect ratio. Geometries having higher aspect ratio show larger CIPS. In nanoshells, increasing the volume
fraction of the core causes a slow increase of CIPS at first followed by a rapid increase for larger volume
fractions. In addition, we find that nanoshells with the same volume fractions exhibit larger shifts when the
refractive index of the cores is larger. Furthermore, the electrodynamics results are interpreted using analytical
approximations based on quasistatic theory. The qualitative understanding of geometric and composition effects
on the CIPS of gold nanoparticles obtained in this work can hopefully be used to realize highly tunable
charge-based active plasmonic devices.

. Introduction caused a redshiff:2° Ung et al*® controlled the resonance

position of colloidal silver by electrochemical processes. Based

n the observed spectral shifts, they reported a charge density

hange of 6.2%/V/particle. Chapman et®&nd Daniels et &2

ave demonstrated CIPS in silver nanoparticles immobilized
on an indium tin oxide (ITO) substrate. Similar work was

s, performed by Baum et & on gold nanospheres adsorbed on

i ili 1
which can be achieved by changing the following parameters: |TO- Gold nanospheres were immobilized by Toyota et'al.
the size and shape of the particfed, the inter-particle with an amine-terminated, siloxane-linking monolayer. This
distancg; 1011 the dielectric constant of the surrounding configuration was used to study the effects of both constant

medium?12-15 and the particles free electron dendity?2 and modulated potential on the transmission and absorption

Charge-induced plasmonic shifts (CIPS) of extinction spectra Properties of the nanoparticles. All of these studies were
due to changes in the free electron density of gold and silver Performed with nanoparticles of spherical shape and concluded
nanoparticles have been demonstrated in recent years. Nanothat changes in free electron density alter the optical constants
particles in a colloid or immobilized on a substrate were charged Of the nanoparticles and thus the resonance positions.
either by adding a reducing agent or by applying an electro- In recent years, the increase of research in plasmonic appli-
chemical potential. For an applied electrochemical potential, the cations has led to the synthesis of new nanoparticle geometries.
amount of charge or discharge or the number of electrons Wet chemistry has been used to synthesize nanoparticle geo-
transferring in or out of the nanoparticle was proportional to metries such as nanoro@is?® nanodisks’ nanoshellg.2°
the double-layer capacitance across the sdlglid interface. hexagonal prism& etc. On the other hand, certain applications
The direction of the shift was controlled by the electrochemical of plasmonics which require a supporting substrate have led to
polarization and the amount of charge injection was limited only the fabrication of nanoparticles on the substrate using electron
by the evolution of hydrogen or oxidation of the solvent at beam lithograph3~33 and colloidal lithography43° In these
higher potentials. An increase in internal free electron density methods, arrays of nanoparticle geometries like nanods¥és,
caused a blueshift of the extinction spectra, while a decreasenanotriangle$*37-12nanorings5-38nanoprisms? etc. are directly
s . — fabricated on a substrate, resulting in a more uniform and
4209_ngg(fpgr"l)'g%j‘ustggrég;za”- junhuang@psu.edu. Téi1)(814 863 controlled distribution of nanoparticles unlike the monolayer

* Department of Engineering Science and Mechanics. linking of nanoparticles synthesized by wet chemistry. Moreover

* Department of Chemistry. nanoparticles fabricated by colloidal lithography are extremely
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The phenomena of scattering and absorption of localized
surface plasmons by nanometer-sized, noble metal particles have
gathered much research interest in the past two decades. Ke
applications of these phenomena include biosenstmgntrast-
enhanced imaging?and optoelectronic devic€Many of these
applications involve active tuning of the resonance position
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stable to positive potentials applied on the ITO surfécéle and shape effects in the Drude modiehs the size of the
believe that the resonance position in new geometries fabricatedparticles used in previously reported CIPS experiments is less
both by the bottom-up and top-down methods can be tuned bythan 50 nm, we restrict our studies to particles with sizes below
charging and discharging. 50 nm. In this size regime, the effect of retardation and damping

Recently, Mulvaney et gt have experimentally demonstrated ~ are negligibl&4¢ and variations in size will only affect the line
that gold nanorods exhibit drastic blueshifts in optical resonance width of the spectrun? In this work we are mainly interested
position when their free electron density increases. They alsoin the changes in location of the resonance wavelength.
showed that CIPS strongly depends on the nanorod aspect ratio The analytic expressions for the Drude model with these
(AR). Geometries such as nanodisks, nanorods, and nanoshellsonsiderations afe

can be tailored to obtain the desired CIPS. CIPS in these new )

geometries will find applications in building electrochemically ) w

i i i i (@) =€ (@ +ic'(@)=e,— —— Q)
tunable nanophotonic devices such as electrochromic devices ° " 2t ive
and active waveguides. CIPS can also be potentially used to 7
detect redox activity in the vicinity of nanoparticles and should 0.2
find applications_in sensing._ReaIizing these applic_ations ent{iils (o) =e, — - p _ )
the understanding of optical effects of charging and its o +y

dependence on geometry and composition of nanoparticles.
In this direction, we report the effects of electron charging and
on both composite (hollow and solid nanoshells) and nonspheri-
cal nanopatrticle geometries (nanodisks and nanorods) using
electrodynamic simulations. Based on plasmonic shifts, com-
parison of these geometries, and influence of AR, volume
fraction (VF) and composition within specific geometries are where¢' is the real part of the dielectric functioe!' is the
presented systematically for different levels of charging. Fur- imaginary part of the dielectric functior, is the contribution
thermore, the calculated CIPS sensitivities of various nanopar-from the bound electronsgp is the bulk plasma frequency(?
ticle geometries and compositions are rationalized in terms of = Ne?/eqnt), andy is the relaxation constant such that=
approximate analytical expressions based on quasistatic theoryNe?/om" where,N is the free electron densitg,is the charge
It is shown that the CIPS sensitivity of nanoparticle is of an electronm* is the effective mass of an electron, ands
significantly affected by the AR and composition of the the conductivity. It should be noted thai is a function of
nanoparticle, and should be taken into account to maximize thefree electron densityN), whereas the relaxation constant is
nanoparticle CIPS sensitivity. independent oN as the conductivity is also proportional kb
Section |l outlines the various theoretical methods to calculate It is therefore expected that any change in free electron density
CIPS in nanoparticles. Section Il presents the electrodynamic will change the resonance position vig. When the internal
results for various geometries and compositions and the analyti-free electron density is increased A, the real and imaginary
cal expressions based on quasistatic theory to correlate withparts of the dielectric function are given by
results obtained from the electrodynamic methods. Finally,
section IV concludes this work. w,(1+ ANIN)

2
Yy

@)
w+ yza)

€'(w) =

E’AN(CU) = Eoo 2 2 (4)
Il. Theory w"ty
The extinction efficiency of nanoparticles can be numerically and
calculated by various methods, which include Mie scattering 5
theory (MST)*2 discrete dipole approximation method (DD%), " () = yw, (1+ ANIN) )
T-matrix method'* modified long wavelength approximation €an@) = W3+ yzw

(MLWA),4® and finite difference time domain method

(FDTD) 2345 In this work, we used DDA for nanodisks and respectively.
nanorods, and MST for hollow and solid nanoshells to calculate  Figure 1, panels a and b, shows the real and imaginary parts
the resonance positiond A and Ao) for both charged and  of the frequency-dependent dielectric constant of gold. The solid
uncharged states. CIPS is calculated as the difference betweerircles are the experimental results from Johnson ét @he

these two wavelengthd 1 = 1o — Aan. TO remove the effect  lines represent results from the Drude model for both uncharged
of particle size on CIPS, the volume of all of the nanoparticles and chargedAN/N = 14%) states. The parametess = 9 eV,
was kept constant and an effective spherical radigg 6f 10 y = 67 meV, antt., = 9.84 were used to fit the experimental

nm was chosen. The surrounding environment of all isolated data with the above-mentioned Drude model and were obtained
nanoparticles was considered to be water with an refractive indexfrom the work by Sanichserf® The imaginary part of the
(RI) of 1.333, as charging is generally performed in aqueous dielectric constant for wavelengths below 700 nm cannot be
environment (double layer capacitance in water is higher than properly fit with the Drude model due to the contributions from
in air). interband transition# As the resonance position is dependent
A. Drude Model. An increase in free electron density affects primarily on the real part of the dielectric function, a proper fit
the dielectric constant of the Au nanopatrticles. To calculate the of the real part is required to accurately calculate the resonance
extinction spectra for various particle geometries in charged and position. This requirement is satisfied by the Drude model for
uncharged states, we have considered a Drude-type dielectriavavelengths higher than 500 nm (see Figure 1a). However, the
function in DDA and MST. The generalized Drude model does peak intensity and width will be dependent on the imaginary
not account for the effects of size and shape on the particles’ part. In order to confirm this, we compared calculations using
dielectric constants. We modeled the nanoparticles with an both the experimental dielectric data and the Drude model of
effective radius equal to 10 nm, large enough to neglect size uncharged particles exhibiting different plasmon resonance. The
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B. Discrete Dipole Approximation (DDA). The discrete
dipole approximation (DDA) method can be used to calculate
the extinction properties of nanoparticles with arbitrary geometry
and composition. It has been extensively employed in surface
plasmon resonance calculations. DDA was first developed by
Purcell and PennpacKérand was later improved by Draine
and Flauted?50 DDA calculates the extinction spectra by
describing the particle shape as a collection Mfdipoles
arranged in cubic lattice such that each dipole responds to both
the incident electric field and electric fields induced by
neighboring dipoles. The polarizatidh of a dipolej is given
by o4E;, whereq; is the polarizability and; is the sum of the
incident electric fielcEinc; = Eoek i and the electric field arising
from the M — 1 other dipoles. The total electric field ¢th
dipole is then given by

M
aj_lpj =E=Epn;— ) AR (6)
0 1 1 L 1 1 1 ¢J
500 600 700 800 900 1000
Wavelength (nm) where the electric field from the oth& — 1 dipoles are given
(a) by
4.0 [ T T T T T T T T T AjI.PI =
r ] eikfn 1-— ikr~|
35} = |Krx (ry x P) + Tj{rjlzpl = 3ry(ryP}| (7)
I i jl jl

Polarizations vectors of each dipole were calculated by solving
the 3 complex linear equations resulting from eq 6. In order
to calculate these linear equations we used the DDSCAT
program by Draine and Flautéuwhich uses Fast Fourier
transformations and complex conjugate methbtts calculate

the polarization vectors for a large number of dipoles. These
calculated polarizations and incident electric fields are used to
calculate extinction cross-section of the nanoparticle based on
the optical theorem given By

4ok M
Cext(;{) = |m(Ei>:10,I'PI) (8)

0.0
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wherek is the wave vector equal tar®V1 andm s the RI of
the particle relative to the medium at wavelength The

Figure 1. (a) Real and (b) imaginary parts of the frequency-dependent extinction cross-section is normalized as the extinction ef-
dielectric function of gold. Experimental data from Johnson €f al. ficiency, Qext = Cex/Cgeom Where the extinction cross-section

(solid circles) and the fitted Drude model (parameters obtained from IS divided by the cross-section of a sphere with effective area
Stnnichsen et a9 for uncharged state (solid line) and charged state Cgeom = 7T erf. In this work, the lattice constant of 1 nm was
with AN/N = 14% (dotted line). taken for nanodisk and nanorod calculations to ensure accurate

extinction spectr&?

details can be found in the Supporting Information. Our results ~ C. Mie Scattering Theory (MST). Calculations based on
show that, although we are not able to accurately describe theMie scattering theory (MST) are used to investigate the
extinction intensities and widths below 700 nm, the peak extinction spectra of hollow and solid nanoshells due to the
position can be modeled correctly for wavelengths above 500 capability of MST in obtaining the exact full solution to
nm. For plasmon resonance modes below 500 nm, the DrudeMaxwell’'s equation for the spherical nanoshells. This method
dielectric function fails to predict the position of plasmon mode involves solving Maxwell's equations in spherical coordinates
as the real part of the dielectric function deviates from the with appropriate boundary conditions. According to MST, the
experimental data. Therefore, for wavelength above 500 nm theextinction cross-section of coreshell structure is given by
Drude model suffices to accurately describe the plasmon peak

position. Since the amount of charge injected into nanoparticles 27 @
can be varied by double-layer capacitance and applied electro- Coi=— ) (@n+1)Rda,+b,) 9)
chemical potential, we considered a wide range of charging =

levels AN/N = [—7%, +7%, +14%, +21%]) in the electro-

dynamics calculations. where the scattering coefficienég and b, are given by
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o™ 61 AR =45

YY) — My iy n(Myy) — Agi(moy) (M) — Agen(myy)] 1 606 nm
En(Y) — MEWIwn(may) — Apa(may)/yn(myy) — Agcn(moy)] -
(10) g
o
and é’ |
w
b, = S
mn(y) — YrIYn(MeY) — Byrn(My)/wn(myy) — Bon(muy)] g T
MEa(Y) — ExWwn(my) — Boxn(mpy)/yn(myy) — Byn(muy)] i

(11)

respectively. In these scattering coefficients, &, andy, are
the Riccati-Bessel functions amgh and B, are given by

500 550 600 650 700 750 800

A= My (M) (MyX) — myy (MmuX)y,(MyX) (12) Wavelength (nm)
M (M) (MyX) — My (Mpx)y (M, x) @

and 3L
— M (M) (MpX) — My (MpX)ypr(myx) (13) 28 .

T My (MpX)ya(myx) — My (MyX)y(mpX) S L.l

. ) S
respectivelym; andmy, are the RI of the core and mantle relative & 20| 7

. . . . L

to the surrounding dielectric medium, ard= Kreore andy = c I

Krmantie @re wavenumbers of the core and mantle respectively. % 16 -
These calculated extinction cross-section are normalized as the % 12 i ]

extinction efficiencyQext = Cex/Cgeom IN this work, a Fortran w o]
code (bhcoat.f) presented by Bohren and Hauffthauas used 8l i

to calculate the extinction spectra of nanoshells. -

4 -

Ill. Results and Discussion o [

A. Nanorods and Nanodisks.The geometry, in particular 500 600 700 800 800 1000 1100 1200

AR, has been one of the most important parameters in Wavelength (nm)
determining the plasmonic resonance of metal nanorods and (b)
nanodisks>263In order to study the effects of geometry on  Figure 2. Extinction spectra of (a) in-plane polarization mode of
CIPS in nanorods and nanodisks, we considered various ARsnanodisks and (b) longitudinal polarization mode of nanorods at constant
but maintained a constant volume. The AR of nanodisks in this rer = 10 nm of ARs, 2.5 (thick lines) and 4.5 (thin lines) for uncharged
work is defined as the ratio of diameter to height, and for State (solid lines) and charged statad/N = 14% (dotted lines).
nanorods it is defined as the ratio of length to diameter. Further,
for each nanorod or nanodisk of specific AR, the influence of ) o )
polarization of incident light on the CIPS is considered. When ARS, 2.5 and 4.5, when subjected to longitudinal polarized
nanorods are suspended in solution, two types of polarization incident Ilght._ When the volume is held constant, nanorods of
modes can be excited by linearly polarized or natural light. If AR = 4.5 exhibit an uncharged state peak resonance wavelength
the incident light has the electric field parallel to the longitudinal Near the infrared region, whereas nanodisks at the same AR
axis of nanorods, longitudinal plasmon mode is excited, and if @re in the range of visible light. Similar to the nanodisks, the
the electric field is perpendicular to longitudinal axis, transverse Nanorods’ spectra blue shifts upon electron charging. Figure 2,
modes get excited. Similarly in nanodisks, two types of modes, Panels a and b, thereby show that the CIPS in nanodisks and
i.e., in-plane and out-of-plane modes, can be excited by Nanorods are dependent on their ARs.
controlling alignment between polarization of incident lightand ~ To quantitatively evaluate the relation between CIPS and AR
disk plane. In the in-plane polarization mode, the incident light of nanorods and nanodisks, our electrodynamics calculations
direction is normal to the disk plane and the electric field is included a fixed charge injectiom\{\/N = 14%) for various
parallel to the diameter axis, whereas in the out-of-plane mode, AR configurations. For each AR, different polarizations of
the incident light direction is parallel to the disk plane and incident light were also considered in order to understand the
electric field perpendicular to the diameter axis. effects of polarization on CIPS. These results are summarized
Figure 2a illustrates the uncharged and charged state extincin Figure 3a, where the blueshifts of plasmonic resonance for
tion spectra of two types of nanodisks with ARs of 2.5 and 4.5, various geometries and polarizations are plotted against the AR
respectively. These spectra were obtained by in-plane polarizedof the nanoparticles.
incident light. In Figure 2a the uncharged state’s peak resonance The CIPS due to the transverse polarizations in the nanorods
wavelength fo) for nanodisks with AR= 4.5 is larger than and out-of-plane polarizations in the nanodisks remains almost
that of AR= 2.5. Both nanodisks’ peak positions blueshift upon constant as shown in Figure 3a. It should be noted that for
charging AN/N = 14%). In Figure 2b, we compare the certain ARs the transverse modes in nanorods and out-of-plane
uncharged and charged state spectra of nanorods of two differentmodes in nanodisks fall below 500 nm and, therefore, could



CIPS in Au Nanoparticles

J. Phys. Chem. C, Vol. 112, No. 19, 2008313

' ' T g T T T T T T T T T
or 2| RJR,=0.8 i
55 | ] 562 nm Re/Rm= 0.95
of 600 nm 896 nm 4
50 ] | 956 nm
g | 8 ; ,I ‘I .i .
: 45 - !I| ! ‘I 'II I', 7
b I 6 ! Lo |II |
® -—‘./.’_,——-—/._/_’.—_,_ I i I II I\ |II II' i
! 1 n ro ". i
el -1 4 1 | I’ \LIII |III |
— T Y| x . .
30 5 2 \ /J.- ‘ \ i
[ PRI / S, \,
L J \ ¢ / . 4
25 L 1 L 1 1 - —
25 3.0 35 40 45 0 L NN ____4 , \\.=—_
Aspect Ratio 500 600 700 800 900 1000 1100
(a) Wavelength (nm)
(a)
7 LI L | T T T T T T
. R/Rpy= 0.8
666 nm
= % 5 l 711 nm i
£ 2 : Re/Ry,= 0.95
: ‘g oar 8 1181 nm -
% | 1260nm
£ 3F &Y l— ~
-g " 1
w i
2 L \ -
r : ;.f": \ .
7 0 7 14 21 ' ‘
AN/N (%) 0 . \\ . // . 1\_,\»
®) 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Figure 3. (a) Calculated CIPS foAN/N = 14% and various nanorod
ARs, longitudinal modes (triangles) and transverse modes (inverted

Wavelength (nm)
(b)

triangles); in nanodisks, in-plane mode (squares) and out-of plane mode _ o .
(diamonds). (b) Longer wavelength plasmonic mode CIPS for various Figure 4. Extinction spectra of (a) hollow nanoshells and (b) solid

charging levels, nanorods with AR 4.5 (triangles) and 2.5 (half filled
triangles); nanodisks with AR= 4.5 (squares) and 2.5 (half filled
squares). Solid lines are best fits.

not be calculated accurately with the Drude dielectric function.

However, it is likely that the CIPS is less dependent on the
dielectric function than the peak position itself since the CIPS
is almost constant for all ARs. In contrast, the longitudinal

polarization of nanorods and the in-plane polarization of
nanodisks result in larger CIPS, which follows an increasing
linear dependence on AR. From the slopes of linear fits in Figure
3a, we observe that at a certain charging level, AR and volume,
nanorods exhibit more CIPS than nanodisks; this difference in
CIPS increases with AR. To further evaluate the effects of
charging on the CIPS, we calculated the shifts of the longer

nanoshells at constands = 10 nm; radius ratios are 0.8 (thick lines)
and 0.95 (thin lines) for the uncharged state (solid lines); and for the
charged states (dotted lined)N/N = 14%. The two peaks at a certain
charge state and volume fraction represent two different energy
plasmonic resonances.

constant volumes, geometries with higher AR result in larger
plasmonic shifts, and CIPS in nanorods is larger than that in
nanodisks.

B. Hollow and Solid Nanoshells.Metal nanoshells have
attracted tremendous interest for their ability to obtain plasmonic
resonance over a large range by controlling the shell thickness
or core composition®2 To understand the effect of shell
composition on CIPS, we carried out a series of electrodynamic
calculations using MST on hollow and solid shells. The RI of
the hollow shells core was taken to be equal to the surrounding

wavelength plasmonic mode resonances (in-plane polarizationenvironment (water), while the RI of the solid shell was varied

mode in nanodisks and longitudinal polarization mode in
nanorods) by considering different levels of charging. Figure
3b shows the effect of charging level on CIPS calculated for

from 1.333 to 2.332. To understand the effect of VF on
plasmonic shifts, different ratioR/Ry, (the core radiusR,
dividied by the total radiusRq, of the core-shell particle) were

nanodisks and nanorods with two different ARs, 2.5 and 4.5. considered. This ratio of the nanoshells can be engineered and
From Figure 3b, we can observe that, for both nanorods andnanoshells with ratios between 0.33 and 0.92 have been
nanodisks, CIPS at a particular AR follows a linear relationship fabricated and studied perviousty.

at lower charging levels and this linear behavior deviates at Figure 4, panels a and b, shows the uncharged and charged
higher charging levels. For a range of charging levels and state AN/N = 14%) spectra of hollow and solid nanoshells (RI
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core - mantie trends.
(a)
120 However, as the radius ratio reaches unity, rapid increasing in

i CIPS occurs. It can also be observed that solid nanoshells with

100 core RI higher than hollow nanoshells result in larger shift at a
el particular radius ratio.

- The effect of charging level and VF's on CIPS in both hollow
i and solid nanoshells is shown in Figure 5(b). Note that the lines
£ 0 in Figure 5, panels a and b, are not fits but correspond to the
3 - shifts predicted by quasistatic approximation described in the

2 I next section. CIPS at a particular Rl and VF of the core follow
0 a linear relationship with the amount of charging. This linear
ol behavior deviates after a certain value of charging, similar to
L what was found for the nanodisks and nanorods. From Figure
-40 5b, it can also be observed that a higher RI of the core in
0l conjunction with a higher VF lead to larger CIPS over a range

of charging levels. In addition, Figure 6 presents the dependence
ANIN (%) of plasmonic shifts on RI at different ARs. It can be seen that
b) plasmonic shifts follow a linear relationship with the RI of the
Figure 5. CIPS of longer wavelength plasmon mode in nanoshells, core. The slopes of the linear fits indicate that higher core VF

by MST calculation (discrete points) and by eqs 25 and 27 based on causes larger CIPS in the nanoshells.
quasistatic theory (lines) for a) chargingN/N = 14%) different radius C. Quasistatic Theory Approximation. In comparison with
ratios (0.2-0.95), hollow nanoshells (hollow circles) and solid nanoshells o electrodynamics calculations presented above, analytic
with core RI= 2.332 (solid circles); (b) different amounts of charging expressions provide an intuitive way to understand and interpret
(AN/N) = —7% to+21%) at constant = 10 nm, in hollow nanoshells o ) . . . .
with different radius ratios (0.6, the smaller hollow circles; 0.95, the qualitative behavior of the plasmonic shifts. In this section we
larger hollow circles) as well as solid nanoshells with different radius focus on quasistatic theory to understand the effects of geometry
ratios (0.6, the smaller solid circles; 0.95, the larger solid circles). and composition on CIPS in nanoparticles. In quasistatic theory,
the spatial variation of the electromagnetic field is neglected
= 2.332) with different VFs. Two peaks (one at a wavelength and only temporal variation is considered, with the aim of
below 500 nm and the other above 500 nm) are observed for calculating an approximate peak resonance waveleéhigthl-
each charged state, representing two different plasmon modesvaney et af! have used quasistatic theory and the Drude model
As mentioned previously the plasmon mode below 500 nm to explain the dependence of nanorod AR on CIPS. In their
cannot be accurately calculated using the Drude dielectric work, as the charge injection was performed by reducing gold
function, and therefore, we will only describe the long wave- nanorods using NaBHand also to simplify the formulation,
length plasmon modes. It can be seen that the peak resonancg,ey assumed that the amount of added internal free electron
wavelength in both solid and hollow nanoshells at different VFS yansity is much smaller than the existing internal free electron
blueshift upon charglng, a behavior similar to that of nanodisks density, AN/N < 100%). As the amount of charge injected
and nanorods. It is .QISO opserved that the CIPS and theinto the nanoparticles can be increased by applying a greater
uncharged peak positionld) in nanoshells depend on the electrochemical potential or increasing the double-layer capaci-

composition and VF of the core. tance, we have considered higher levels of charging in our
To evaluate the dependence of CIPS on the VF of the core, ' Ngher 1evels ging
model. We also extend our investigation into various other

a series of electrodynamic calculations using MST was per- . . .

formed with various VFs and the results are summarized in nanoparticle geometries (nanodisks and nanoshells).

Figure 5a. The charge-induced plasmonic blueshift increases According to quasistatic theory, the polarizability of nanodisks
with increasing radius ratio between the core and the mantle.and nanorods, when approximated as oblate and prolate
This increase is slow when the radius ratio is smaller than 0.7. spheroids, respectively, is given®8y
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(14) state dielectric constant of the nanoparticles is obtained from
the real part of the Drude model as discussed in section 2.1

o |l
AR L, - M

€ — N ) (€)\) to the dielectric constant at resonang€®f). The charged-

wheree; is the Drude type dielectric function of nanorods and » 2(1 + AN/N)
nanodisksn is the RI of the surrounding medium; ahds a € — "2—2 =
geometry-dependent polarization factor for nanodisks and o +y

nanorods. The resonance condition corresponds to a wavelength

at which the denominator of the polarizability equals to zero Substitu_tingw =.C/’1AN andwp = ¢/, in €q 24, we obtain an
expression relating the resonance wavelength to the amount of

€ i=1-3  (24)

real(n2 +L(e; — nz)) =0 (15) charging, geometry and composition
In the frequency range wherg' is small or changes very 1= /lp\/'&i 25
slowly, €1 can be considered equal ¢ Thus, the resonance AN «/ > > (25)
condition is given by 1+ (ANN) = (y"Alw,)
where
E;-eso: (1 _ l)nZ (16)
L reso
A=e,—¢  1=1-3 (26)

The polarizability of a solid shelk,, characterized by a core
RI ncore @ mantle dielectric constaag, a mantle VFP, and a The uncharged state resonance positidg) {S obtained by
surrounding RIn is given by substitutingAN = 0 in eq 25

2
€6, — N¢y
o, |——————

€€, + 2n€,

iwA

(17) Jo= 2 (27)

V1= (Al

where Furthermore, the sensitivity of the nanoparticle, defined as the
_ 2m _ ratio of CIPS (d = 1o — ZAan) to the change in free electron
=N.oe (83— 2P) + 2¢,P 18
€a = Neore ( )+ 2€ (18) density (dN) is obtained by subtracting eq 27 from eq 25 and
€= ncorezp +e(3-P) (19) dividing by the amount of charge injection.
and i Ao M1— ()/ZAi/a)pz) 1| 28)
P=1- R_m (20) P
Equations 27 and 25 give the plasmonic shifts for various
The poles of the polarizability expression are obtained from @mounts of charging and various core VFs in solid and hollow
the denominator of eq 17 as nanoshells; the parametehs and As incorporate the effect of
the core’s VF and composition. CIPS of longer peak wavelength
realle,e, + 2n2€b] =0 (21) in nanoshells calculated based on quasistatic theory (egs 27 and

25) and MST are shown in Figure 5, panels a and b, for solid
The resonance condition of solid nanoshells is therefore givenand hollow nanoshells, respectively. This figure show the

by dependence of core VF and level of charging on the plasmonic
shifts in nanoshells. In nanodisks and nanorods, the exact
reso_ 1 [_(ncore2(3 —2P) + 2n2(3 —P)+ relationship between AR arldi; unknown, but for_shapgs such
4P as prolate and oblate spheroids, the exact relationship between

20; 2/ PN2 _ 22 2 AR andL is known and it is recognized in these shapes that
\/(ncore (B=2P)+ 23— P)) 16PN (22) higher ARs have lowet ’s. From egs 16, 25, and 27, as AR
In the case of hollow nanoshells, the RI of the core is equal to increases ot decreases, the value &f increases as does the
the surrounding Ripeore= n. Upon incorporating this condition difference betweeny andAAN. This behavior of higher CIPS

in eq 22, the resonance condition for hollow nanoshells is given &t higher AR agrees with the electrodynamics calculations shown
by in Figure 3a. The combination of egs 22, 25, and 27 demon-

strates the dependence of CIPS in solid nanoshells on the RI of

reso N2 Ve core and the VF. These equations rationalize the almost linear
€& T ap [—(9 — 4P) £ 3vO — 8] (23) dependence of CIPS with the RI of core as observed in Figure
6.

The two solutions of resonance condition in nanoshells represent Equation 28 estimates the plasmon shift sensitivity of a
plasmon modes of two different energies and correlate with two nanoparticle independent of its geometric parameters. The
peaks (one below 500 nm and other above 500 nm) observedexpression shows that the sensitivity is dependent only on the
in the extinction spectra shown in Figure 4, panels a and b. uncharged state resonance wavelenggh #nd the amount of
The two fundamental dipolar modes of ceghell nanoparticle charging AN). Figure 7 presents the sensitivity of the plasmonic
can be thought to arise from the hybridization of a dipolar modes shift as a function of uncharged state resonance wavelength for
of the metallic sphere and a dielectric void in a metal substPate. all five geometries. Figure 7a compares the sensitivities of
The charged-state resonance wavelenitk)(is obtained by particles as calculated by DDA with analytic sensititivity

equating the charged-state dielectric constant of the nanoparticleexpressions obtained from quasistatic theory. It can be observed
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T " T ) ' ' T " To develop nanoparticle-based devices with highly tunable
CIPS, one must carefully design the particles’ geometry and
composition. As shown in Figure 7, panels a and b, lower energy
or higher wavelength resonances result in higher sensitivities.
The location of the extinction band in uncharged-state solid
nanoparticles can be adjusted to obtain higher sensitivities. The
adjustment in the band location can be achieved through

450

400

= 350 . - . . :

% changing the particles’ shape or relative dimensions (such as
g AR). In composite structures, such as hollow and solid
T 300 nanoshells, both geometrical variations and RI of the core can

be engineered to lower the energy of the extinction wavelength.
The uncharged optical resonance positif) flas been shown
to redshift with an increase in the size of nanoshells and
nanorods:53 Therefore, CIPS sensitivity can be enhanced by
200 . , . \ increasing the size of the nanoparticle. But variations in double
500 layer capacitance due to changes in size must be taken into
account. Electrodynamics calculations in this study were
performed assuming a constant RI of the surrounding environ-
ment. An increase in the surrounding environment’s RI generally
redshifts the resonance positi&1®> Choosing a higher RI of
the surrounding medium before charging would reduce the
uncharged state’s resonance energy and increase its CIPS
sensitivity. A higher RI of the medium also increases the double
layer capacitance of the nanoparticles, which increases the

250

%0 amount of charging per unit potential.
= Nanodisks and nanorods fabricated on a substrate by top-
S 400 down fabrications methods have the advantage of controllable
g polarization modes, unlike nanopatrticles in colloids which have
B random polarization orientation. Control over polarization will

8

lead to higher sensitivity. In our electrodynamics model, the
nanoparticles were surrounded by a homogeneous medium
(water). A substrate beneath the nanoparticles has a higher Rl
than the surrounding medium, and thus will cause a redshift of
_ . _ the resonanéé® and increase the CIPS sensitivity. Sensitivity
400 600 800 1000 1200 can be further enhanced by applying a polymer film on top of
A (nm) the nanopatrticles, because the polymer film increases the
° capacitance of the systeth®” In arrays of nanoparticles
®) fabricated by nanosphere lithography, the interparticle distance
Figure 7. Depfngl‘z)mfl’ Otf %'PS S_G”Siti\l’ityl ?_” urzgharg?d OPtitC";l should be optimized. Two effects should be considered for
resonance positiorid), electrodynamics calculations (discrete points i atinn- : P ;
A by o 2% A quasist)f:\tic thoory (IneyNN = 14% forp(a) optimization: (1) dipole-coupling interactions between nano-
nanodisks (squares) and nanorods (triangles) and (b) hollow (Openpamcles should be reduced to_mcre_ase the CIPS sens_%?i\_/lty
circles) and solid nanoshells (solid circles). and (2) the amount of charge injection should not be limited
by charge induced Rayleigh instabilitis.

200

that nanorods in general for comparable amounts of charging!V. Conclusions
and volume are more sensitive than nanodisks due to the . . .
Y . Toward the development of highly sensitive, charging-based
nanorods’ higher uncharged state resonance wavelength. Figure . . ; .
. . active plasmonic devices, we have studied the effects of electron
7b shows MST calculation results on nanoshells of various VFs

o ; - injection in nanorods and nanodisks of various AR and
and core RI, as well as a quasistatic analytical expression of h .
sensitivity nanoshells of various core VFs and RIs. Using accurate

. . L electrodynamics calculations, it is shown that both the nano-
The expression for the plasmon shift sensitivity, eq 28, can : 4 o S .
oR . - particles’ geometry and composition significantly affect their
be further simplified by assuming low levels of charging and " .
. oo . .~ CIPS sensitivities. In nanorods and nanodisks of constant
neglecting the contributions from relaxation constant term. Using . ; . o
. . . . . . volume, CIPS sensitivity can be increased by using longitudinal
a binomial series expansion of the right-hand side of eq 28 and

. : . and in-plane polarized light respectively, and by choosing higher
neglecting higher order terms, we obtain AR geometries. In nanoshells, the CIPS sensitivities are higher

1 for nanoshells with higher Rl and VF of the core. Irrespective
[ (29) of shape and composition, it was shown by quasistatic theory
(dN/N) - 2 that the CIPS sensitivity of the particles at a particular charging

level depends linearly on the resonance posititg) 6f the
This equation indicates that the sensitivity of charging is appro- uncharged state. This relationship matches with our electrody-
ximately constant and is equal to half of the uncharged resonancenamic calculations; from these findings we conclude that
position. A comparison with the results plotted in Figure 7 shows nanoparticles with highety are more sensitive to CIPS. The
that this is a good approximation, although the results obtained particles’ CIPS can be further enhanced by increasing the size
using eq 28 predicts a slightly smaller sensitivity. of the particles or the RI of the surrounding medium.



CIPS in Au Nanoparticles

The authors thank Thomas R. Walker, Xiaole Mao, Wei Yan,
and Jinjie Shi for their help in preparing the manuscript. The

J. Phys. Chem. C, Vol. 112, No. 19, 2008317

(27) Germain, V.; Brioude, A.; Ingert, D.; Pileni, M. B. Chem. Phys.
2005 122, 124707.
(28) Zhou, H. S.; Honma, |.; Komiyama, H.; Haus, J. Bhys. Re. B

authors also acknowledge the support from the High Perfor- 1994 50 12052

mance Computing Group at The Pennsylvania State University.
This research was supported by the NSF NIRT Grant (ECCS-

0609128).

Supporting Information Available: Material regarding the
differences in experimental and Drude dielectric function of gold

below and above 500 nm and its effects on extinction spectra.
This material is available free of charge via the Internet at http://

pubs.acs.org.

References and Notes

(1) Nath, N.; Chilkoti, A.Anal. Chem2002 74, 504.
(2) West, J. L.; Halas, N. Annu. Re. Biomed. Eng2003 5, 285.
(3) Sokolov, K.; Follen, M.; Aaron, J.; Pavlova, |.; Malpica, A.; Lotan,
R.; Kortum, R. R.Cancer Res2003 63, 1999.
(4) Yelin, D.; Oron, D.; Thiberge, S.; Moses, E.; Silberberg,Oft.
Express2003 11, 1385.
(5) Ozbay, E.Science2006 311, 189.
(6) Krebig, U.; Volmer, M. Optical Properties of Metal Clusters
Springer: New York, 1995.
(7) Coronado, E. A.; Schatz, G. @. Chem. Phys2003 119 3926.
(8) Grand, J.; Lamy de la Chapelle, M.; Bijeon, J. L.; Adam, P.-M.;
Vial, A.; Royer, P.Phys. Re. B 2005 72, 033407.
(9) Noguez, CJ. Phys. Chem. B007, 111, 3806.
(10) Sidhaye, D. S.; Kashyap, S.; Sastry, M.; Hotha, S.; Prasad, B. L.
V. Langmuir2005 21, 7979.
(11) Park, S.Y.; Lee, J. S.; Georganopoulou, D.; Mirkin, C. A.; Schatz,
G. C.J. Phys. Chem. B006 110, 12673.
(12) Haes, A. J.; Zou, S.; Schatz, G. C.; VanDuyne, R.Phys. Chem.
B 2004 108 109.
(13) Hanarp, P.; Kall, M.; Sutherland, D. $. Phys. Chem. 2003
107, 5768.
(14) Tam, F.; Moran, C.; Halas, N.J.Phys. Chem. B004 108 17290.
(15) Miller, M. M.; Lazarides, A. AJ. Phys. Chem. B005 109 21556.
(16) Goad, D. G. W.; Moskovits, MJ. Appl. Phys1978 49, 2929.
(17) Henglein, A.; Mulvaney, P.; Linnert, T. Baraday Discuss1991
92, 31.
(18) Mulvaney, PLangmuir1996 12, 788.
(19) Ung, T.; Giersig, M.; Dunstan, D.; Mulvaney, Bangmuir 1997,
13, 1773.
(20) Chapman, R.; Mulvaney, Rhem. Phys. Let001, 349, 358.
(21) Toyota, A.; Nakashima, N.; Sagara,JT Electroanal. Chen004
565, 335.
(22) Baum, T.; Bethell, D.; Brust, M.; Schiffrin, D. Langmuir1999
15, 866.
(23) Daniels, J.; Chumanov, Q. Electroanal. Chen005 575, 203.
(24) Perez-Juste, J.; Liz-Marzan, L. M.; Carnie, S.; Chan, D. Y. C;
Mulvaney, P.Adv. Funct. Mater.2004 14, 571.
(25) Yu,Y.Y,; Chang, S.S.; Lee, C. L.; Wang, C. R.XPhys. Chem.
B 1997 101, 6661.
(26) Link, S.; Mohamed, M. B.; El-Sayed, M. A. Phys. Chem. B999
103 3073.

(29) Averitt, R. D.; Westcott, S. L.; Halas, N. J. Opt. Soc. Am. B
1999 16, 1824.

(30) Sau, T. K.; Murphy, C. 3. Am. Chem. So2004 126, 8648.

(31) Niklasson, G. A.; Bobbert, P. A.; Craighead, H. Kanostruct.
Mater. 1999 12, 725.

(32) Lamprecht, B.; Schider, G.; Lechner, R. T.; Ditlbacher, H.; Krenn,
J. R.; Leitner, A.; Aussenegg, F. Rhys. Re. Lett. 200Q 84, 4721.

(33) Grand, J.; Adam, P. M.; Griamault, A. S.; Vial, A.; Lamy de la
Chapelle, M.; Bijeon, J. L.; Kostcheev, S.; Royer,APasmonic2006 1,
135.

(34) Jensen, T. R.; Duval, M. L.; Kelly, K. L.; Lazarides, A. A.; Schatz,
G. C.; Van Duyne, R. PJ. Phys. Chem. B999 103 9846.

(35) Haynes, C. L.; Van Duyne, R. B. Phys. Chem. R001 105
5599.

(36) Zheng, Y. B.; Juluri, B. K.; Mao, X.; Walker, T. R.; Huang, T. J.
J. Appl. Phys2008 103 014308.

(37) Malinsky, M. D.; Kelly, K. L.; Schatz, G. C.; Van Duyne, R. P.
Am. Chem. So2001, 123 1471.

(38) Aizpurua, J.; Hanarp, P.; Sutherland, D. SUjIKisl.; Bryant, G.
W.; Garca de Abajo, F. JPhys. Re. Lett. 2003 90, 057401.

(39) Zheng, Y. B.; Huang, T. J.; Desai, A. Y.; Wang, S. J.; Tan, L. K;;
Gao, H.; Huan, A. C. HAppl. Phys. Lett2007, 90, 183117.

(40) Zhang, X.; Hicks, E. M.; Zhao, J.; Schatz, G. C.; Van Duyne, R.
P.Nano Lett.2005 5, 1503.

(41) Mulvaney, P.; Pez-Juste, J.; Giersig, M.; Liz-Marzal.; Pe-
charronia, C. Plasmonics2006 1, 61.

(42) Bohren, C. F.; Huffman, D. RAbsorption and Scattering of Light
by Small ParticlesJohn Wiley & Sons: New York, 1983.

(43) Yang, W. H.; Schatz, G. C.; Van Duyne, R. P.Chem. Phys.
1995 103 869.

(44) Waterman, P. CPhys. Re. D 1971, 3, 825.

(45) Maier, S. A. Ph.D. Thesis; California Institute of Technology:
Pasedena, CA, 2003.

(46) Smnichsen, C. Ph.D. Thesis; Ludwig-Maximilians-Univétsta
Munchen, 2001.

(47) Johnson, P. B.; Christy, R. VWhys. Re. B 1972 6, 4370.

(48) Purcell, E. M.; Pennypacker, C. Rstrophys. J1973 186, 705.

(49) Draine, B. T.; Flatau, P. J. Opt. Soc. Am. A994 11, 1491.

(50) Draine, B. T.; Flatau, P. Jser Guide to the Discrete Dipole
Approximation Code DDSCAT 6.2004.

(51) Goodman, J. J.; Draine, B. T.; Flatau, PQpt. Lett.1991, 16,
1198.

(52) Hao, E.; Schatz, G. Q. Chem. Phys2004 120, 357.

(53) Jain, P. K.; Lee, K. S.; El-Sayed, I. H.; El-Sayed, M.JAPhys.
Chem. B2006 110, 7238.

(54) Oldenburg, S. J.; Averitt, R. D.; Westcott, S. L.; Halas, NCllem.
Phys. Lett.1998 288 243.

(55) Prodan, E.; Radloff, C.; Halas, N. J.; NordlanderSBience2003
302, 419.

(56) Malinsky, M. D.; Kelly, K. L.; Schatz, G. C.; Van Duyne, R. P.
Phys. Chem. R001, 105, 2343.

(57) Wang, Z.; Chumanov, GAdv. Mater. 2003 15, 1285.

(58) Novo, C.; Mulvaney, PNano Lett.2007, 7, 520.



