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Silver nanoparticle array structures that produce remarkably narrow
plasmon lineshapes
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Using electrodynamics calculations, we have discovered one dimensional array structures built from
spherical silver nanoparticles that produce remarkably natrevineV or les$ plasmon resonance
spectra upon irradiation with light that is polarized perpendicular to the array axis. The narrow lines
require a minimum particle radius of about 30 nm to achieve. Variations of the plasmon resonance
wavelength, extinction efficiency and width with particle size, array structure, interparticle distance
and polarization direction are examined, and conditions which lead to the smallest widths are
demonstrated. A simple analytical expression valid for infinite lattices shows that the sharp
resonance arises from cancellation between the single particle width and the imaginary part of the
radiative dipolar interaction. €004 American Institute of Physic§DOI: 10.1063/1.1760740

The development of noble metal nanoparticle-based optated behavior is found for two dimension@D) arrays but
tical sensors is a very active area of nanoscience res&dtch. always with broader lineshapes. The desired array structures
Numerous experiments show that the spectra of nanopartickhould be amenable to fabrication with lithography methods,
arrays are influenced by particle shape and Si2¢éhe inter-  so the structures we describe could have important conse-
actions between particl¥s*3and the polarization of the in- quences for chem/bio detection.
cident light!*®Several theoretical studies have been carried ~We use the coupled dipol€D) method, for both finite
out to provide a general understanding of the electrodynamand infinite lattices, to determine extinction, absorption and
ics of nanoparticle array$7° In many cases, silver nano- scattering spectra of 1D and 2D arrays of spherical particles.
particle arrays show narrow plasmon resonance peaks iAs a check, we have also performed exact T-matrix calcula-
their extinction spectra, and as a result these structures af@ns (converged multipole expansionsor some of the
useful in chem/biosensbf®~?? applications where the shift structures, and the sharp resonance lineshapes that we
in plasmon wavelength upon analyte binding to the particlePresent later are identical to the CD results so only the latter
provides the sensing transduction mechanism. are presented.

In a previous theoretical study of the extinction spectra  The CD method is well knowff so here we give a very
of one and two dimensional arrays of silver nanoparticledrief description. Consider an array &f particles whose
with radius 30 nnlY the wavelength and width of the plas- positions and polarizabilities are denotedand «; . The in-
mon resonance that is produced by dipole coupling betweefuced dipoleP; in each particle in the presence of an applied
the particles was successfully used to model recenplane wave field i =a;Ej, (i=1,2,...N), where the lo-
experiment£2 Narrow resonances were found when the par_cal fieldEjoc i is the sum of the |r_1C|dent and retarde_d fllelds of
ticle spacing was taken to be close to the plasmon wavelh® otherN—1 dipoles. For a given wavelengh this field
length, and both analytical theory which qualitatively ex-'S
plains the results! and r%r,cerical methods which \
guantitatively explain the resuitswere developed. However .
the experiments did not consider array spacings that were Broci = Einc,i + Edipolei = Eo ex"('k'”)‘; Aij- Py
predicted to give the narrowest plasmon lineshapes, and all i#i
the experiments considered two dimensional arrays with the i=1,2,..N, (1)
polarization vector parallel to the plane of the array. In this
paper, we describe an alternative array configuration thalhereE, andk=2=/\ are the amplitude and wave vector of
leads to much narrower plasmon resonances for large enoughe incident wave, respectively. The dipole interaction matrix
particles. This work is related to an earlier study byA is expressed as
Markel 2> who considered infinite one dimensio(dD) ar-
rays in the quasistatic approximation, however here we have X (X PY)
used a more general theory to show that finite 1D arrays with ~ Ajj-P;= k2e'krij —

3
more than 50 particles produce remarkably narrow reso- rij
nances if the particles are large enough. We also show that [r2P,—3r;(rij-P))]
both the absorption and scattering lineshapes are narrow. Re- +eknij(1— ikrij) J z
dpresent address: Ecole Stipare d’Optique, Orsay, France. (i=1,2,..N, j=1,2,..N, j#i), (2
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wherer;; is the vector from dipole to dipolej. The polar- 30 T T T
ization vectors are obtained by solvingN3inear equations [ a
of the form 25:- 470 nm spacing T

A'P=E, )

where the off diagonal elements of the matdy; , are the
same asA;;, and the diagonal elements of the matu,,

[\
(=)

Extinction efficiency
— —_
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are o 1 After obtaining the polarization vectors, we can
calculate the extinction cross section using:
5
47k % .
cext——|EO|2j:1 IM(Ejc;Py). (4) 9%

In the case of an infinite array of particles, it is possible
to generate an analytical solution (8) for the case where
the wave vector is perpendicular to the array dwisplane

by assuming that the induced polarization in each array ele- 30 . . . .
ment is the same. This leads to the following expression for -
the polarization of each particle: 25| .
asEq g -
P= 1—as and C,=47NkIm(P/E,), (5) g
whereSis the retarded dipole sum g
. £
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. . . FIG. 1. Extinction spectra of 50 nm silver nanoparticles(& a one-
whereg;; is the angle between; and the polarization direc-  dimensional chain of 400 particles, ario) a two-dimensional hexagonal

tion. Markef® has given analytical expressions for the dipolearray of 400 particles. In the chain, the polarization vector and wave vector
sums for 1D arrays, but it is not difficult to evaluate this & both perpendicular to the chai_n. I_n the array, the wave vector is perpen-
. dicular to the plane and the polarization vector is in the plane.
numerically for 1D or 2D arrays.
Equation (5) provides a simple way to understand the
effect of the coupling between the particles on the plasmon
resonance lineshape. For small spherical particles close talues of the interparticle distance relative to the wavelength.
resonance, the polarizabilitys is approximately—A/(w Interestingly, we find that array structures exist where the
—wptiy), whereA is a constan{which as demonstrated width factor in Eq.(7), y+Im(AS, vanishes![Of course
later is a positive real number for small partigles, is the  deviations from the Lorentzian form ii7) can still lead to a
surface plasmon frequency for the isolated particle arigl  finite width.] Such structures involve large particldarge
its half-width (note this is half the Drude widihlIf this is  value ofA), and they occur when the radiative termSiithat
substituted into Eq(5) we find varies as Xf;) dominates the dipole sum. The largest effect
occurs for 1D arrays. In this case one should take the polar-
—AE, o . . - .
e ization perpendicular to the array afise., 6;; = #/2 in Eq.
w—wptiy+AS (6)] as this leads to the largest }/contribution. This occurs
—AE, - when the plasmrc])nhwavelengrt]h ish slightly lg(;ifater(tr;‘an the
= - . 7 array spacing, which means that the optical diffracipho-
o~ {wp=RAAI}+i{y+Im(AS)} tonic) mode associated with a perfectly periodic lattice
which means that the real part &S (which if A is real, couples to the plasmon mode of each particle to produce a
means the real part &) determines the red or blue shift of combined mode with a remarkably sharp extinction profile.
the plasmon resonance frequency and the imaginary part de- We begin by considering finite length arrays in 1D and
termines the change in the width. In our earlier stidgwe 2D and considering silver particles whose radii are 50 nm.
showed that for polarization parallel to the array, the real parThe dielectric constants for the coupled dipole calculations
of ASis typically positive when the particles are closer to- are from Paliké® and the sphere polarizabilities are deritfed
gether than 100 nm, and this leads to red shifts in the spectfaom thea,; term of Mie theory(i.e., not quasistatjc In both
as the particle spacing decreases, while for larger separatiod® and 2D arrays we take the wave vector perpendicular to
(close to half a wavelengthhe real part ofAS is typically  the array axis or array plane, and in 1D we also take the
negative and blue shifts occur. The plasmon width can eithepolarization vector perpendicular to the axis. Figure 1 pre-
increase or decrease with particle separation depending @ents resultgplotted as extinction efficiency, where effi-
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ciency is the ratio of extinction cross section to geometrical V——T——T T 1T T
area of the arrgyfor different interparticle distances in the [ a
200-700 nm range, for an array containing 400 particles,
with Fig. 1(a) considering a 1D chain and Fig(k) a 2D
hexagonal array. The isolated particle spectrum is included
for reference in Fig. (a). Figure 1a) shows a dramatic nar-
rowing and red shifting of the plasmon lineshape as particle
separation is increased. The intensity peaks at a spacing of [
470 nm, with a peak wavelength of 471.4 nm and a width 5
(here ignoring the broad base of each peak in defining the
width) of 3.5 nm (20 me\). The plasmon width narrows 0300300500500 800 ' 100
when we further increase the spacing, becoming 1.5(nm Wavelength/nm
meV) when the spacing is 500 nm, however the plasmon
intensity is also reduced. Figuréal refers to a wave vector
that is perpendicular to the chain axis, but we have also done
calculations for the parallel case, and we also find narrow 15 r T r T r T
plasmon resonances, but not as narrow as for the perpendicu- b 384 nm spacing
lar wave vectors. However narrow resonances are only found |
for polarization perpendicular to the array axis. In the general
case of arbitrary polarization direction and arbitrary wave
vector direction, the sharp structures in Figa)lwould still
be a component of the lineshape. We have also studied the
effect of random fluctuations in the array spacing, and we
find that sharp lines are still present, although with dimin-
ished amplitude, when the particle location varies by as
much. as 50% of_ the lattice spacing. These points will be % 1% =0
examined in detail in a future paper. Wavelength/nm

Figure Xb) shows that for a 2D array, the variation in the
plasmon peak with increasing particle separation is ver;E
similar to that in the 1D chains, but the plasmon is always
broader. For example, there is a peak at 455 nm when the
separation is 500 nm with a width of 14 n{@4 me\). Fig-  est spacing considered was 300 nm so sharp resonances
ure 1(b) refers to polarization parallel to the plane and waveanalogous to those in Figs(dl and 2a) were not observed.
vector perpendicular to the plane. Other choices of wavgrigure 2b) shows results for 30 nm particles that have been
vector and polarization give broader lineshapes for a giverxtended to a spacing of over 400 nm. Here we again see
spacing. sharp peaks analogous to Figa)l but the peaks are broader

Now let us consider one dimensional arrays based oand less pronounced. When the spacing is 384 nm, the plas-
particles with radii 30 and 100 nm. Results analogous tanon wavelength is 386 nm and the width is over 15 (1125
those in Fig. 1a) for arrays of 400 particles are presented inmeV). We also studied particles with a 20 nm radius and did
Fig. 2. For the 100 nm particld&ig. 2a)], we see behavior not find sharp peaks appearing for any separation.
analogous to Fig. (&), but the most intense plasmon peak To further characterize the narrow plasmon peaks, we
occurs at 802.0 nm for 800 nm spacing, and the plasmonhave calculated scattering and absorption efficiencies for 50
width is 3.5 nm(7 meV). Narrower peaks are again found for nm particles, analogous to the extinction spectra that were
larger separations; for example the width is 2.7 (tvmeV)  presented in Fig. (&). The results are shown in Figs(ap
for a spacing of 840 nm. The results in Figga)land Za) (scattering and 3b) (absorption. By comparing Figs. &)
show that we are able to generate narrow plasmon peaks ovand 3b) we find that scattering efficiencies are typically
the whole visible range by changing particle size and interabout twice as large as absorption. This ratio increases from
particle distance. In addition, we see that the minimum widthl.8 for an interparticle spacing of 200 nm to 2.1 for a spacing
for the larger particle size is about the same as that for thef 470 nm(the wavelength of peak extinctiprand to 3.5 for
smaller one. This is to be contrasted with the isolated particla spacing of 500 nm. Perhaps the most important result in
widths, which are much larger for the larger particles due tdrig. 3 is that the absorption and scattering spectra have es-
radiative damping effects. Also, note that intense plasmosentially the same widths, which implies that the same
resonances are only obtained for wavelengths that fall withirmechanism for narrowing applies.
the general envelope of the isolated particle lineshape. We now use the infinite lattice formula to evaluate the

In previous work by Zhacet all’ the extinction spec- extinction cross section for one dimensional arrays of 50 nm
trum of a 1D silver nanoparticle array with 30 nm particles particles. Figure @) presents the results, and the retarded
and perpendicular polarization was briefly considered. Theylipole sumS that is used in the evaluation of E) is
found that the plasmon narrowed when the interparticle dispresented in the inset to the figure. In this case the plasmon
tance was taken to be larger than 180 nm; however the largzeak intensities are higher and the widths narrower than the

10
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—
W
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Extinction efficiency
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IG. 2. Extinction spectra of one dimensional chains analogous to those in
ig. 1(a) for particles whose radii ar@) 100 nm andb) 30 nm.
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glIG. 4. (a) Extinction spectra of an infinite one dimensional chain of 50 nm
silver nanoparticles. Inset shows the real and imaginary parts of the normal-
ized dipole sum for a spacing of 470 nm. Both real and imaginary parts have
been scaled by 0.001b) Extinction spectra of one dimensional chain of 50
nm particles for a spacing of 470 nm with chain size varying from 10 to 400
particles.
400 particle array results in Fig(d for a given spacing. For
500 nm spacing, the peak extinction efficiency is 27 and the
plasmon width is 0.6 nni3 meV) for the infinite array while  —\)/\ for A<D and7=2#D/\ for A\>D. Thus the imagi-
the corresponding values for the 400 particle array are 16 andary part of the dipole sum becomes873/D? on either
1.5 nm(7 meV), respectively. For 600 nm spacing, the ex- side of the sudden drop at=D. Equation(7) then indicates
tinction efficiency rises to 42 and the width drops to thethat the width can go to zero provided that873A/D3.
incredibly narrow value 0.0002 nm 710~ *meV). For 650  For a sphere in the quasistatic limit, and using the Drude
nm spacing the intensity falls to 15 and the width is stillmodel for the dielectric constant, one can show that
0.0002 nm. We should also note that the plasmon wavelength %wpr3, where the plasmon frequenay, is about 3.5 eV
is closer and closer in value to the interparticle spacing as thior Ag andr is the radius. Sinc® cannot be less than about
spacing gets larger. When the distance is 470 nm, the pla850 nm(as the plasmon resonances are all broad foB50
mon wavelength is 471.4 nm, so the difference between tham due to interband effedtsthis puts a lower bound on the
plasmon wavelength and the spacing is 1.4 nm. At 500 nmadius that produces zero width given hy=(D/27)
spacing, the plasmon wavelength is 500.2 nm and the differx(2y/w) 13 1f we takey to be 0.12 eMwhich provides a
ence is reduced to 0.2 nm. reasonable fit to silver propertleghe minimum radius is
The plasmon resonance behavior in Figg)4&an be un-  found to be 23 nm, in agreement with our numerical evalu-
derstood based on E(p) and the real and imaginary parts of ation.
Swhich are plotted in the inset to the figure. The inset shows  The results for 1D arrays having different numbers of
that the real part o6 has a very sharp peak whanequals patrticles, all with radius 50 nm and a spacing of 470 nm, are
the spacindD, while the imaginary part o6 shows a sudden presented in Fig. @). This shows that arrays with 10 par-
drop, going through zero at=D. The sharp peak occurs ticles give broad spectra, but 50 particles produce a width of
when Im@) is most negative, corresponding toslightly  about 10 nm and the width continuously narrows with further
greater tharD. From Eq.(6), for a one dimensional chain increases in array size. The extinction efficiency increases as
and 6;=m/2, the dipole sum is dominated by the term the width decreases, varying from 12 for 50 particles to 20
Ej#i(kze'krii/rij). This sum can be done analytically, yield- for 200 particles. Note also that there is a slight blue-shift in
ing an imaginary part (2%/D)(7— 7), where 7=2m(D the plasmon wavelength in going from 50 to 400 particles.

FIG. 3. Scattering and absorption spectra of a 400 particle one dimension
chain of 50 nm radius particles whose extinction spectrum is plotted in Fig
1(a).
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This shift arises because the imaginary pariSaxhibits a ticles of any shape, and for particles fabricated on a sub-
sharper drop ak =D as particle number increases. strate.
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