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Transition from localized surface plasmon resonance to extended surface plasmon-polariton
as metallic nanoparticles merge to form a periodic hole array
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We present results of experiments to determine the dispersion of the plasmon modes associated with periodic
silver nanoparticle and nanohole arrays fabricated using an extension of the nanosphere lithography technique.
Ordered monolayers of polystyrene nanospheres were used as a deposition mask through which silver was
deposited by thermal evaporation, subsequent removal of the nanospheres thus leaving an array of metallic
nanoparticles. By reactive-ion etching of the nanospheres in an oxygen plasma prior to silver deposition, arrays
consisting of particles of increasing size were fabricated. The extremities of the particles eventually merge to
create a continuous metallic network perforated by subwavelength holes, thus allowing a study of the particle-
hole transition. Combining optical measurements of transmittance and reflectance with information gained
using scanning electron microscopy, three separate regimes were observed. For low etch times the samples
comprise mainly individual nanoparticles and the optical response is dominated by localized surface plasmon
resonances that show no dispersion. As the etch time is increased almost all of the nanoparticles merge with
adjacent particles, although many defects are present—notably where some patrticles fail to merge, a small gap
being left between them. The presence of these defects prevents an abrupt structural transition from metallic
nanopatrticles to a continuous metallic film perforated by an array of nanoholes. The presence of such gaps also
results in dispersion data that lack clearly defined features. A further increase in etch time leads to samples with
no gaps: instead, a continuous metal film perforated by a nanohole array is produced. The optical response of
these structures is dominated by extended surface plasmon-polariton modes.
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. INTRODUCTION scattering(SERS,%~’ near-field microscop¥,and surface-
enhanced fluorescendé® Exploring the properties and un-

The optical properties of metal films patterned with fea-derlying physics of individual nanoparticles continues to be
tures of submicron dimensions are dominated by the surfacan area of keen activity, in part because the underlying phys-
plasmon modes these structures suppoht particular two  ics has still to be fully explored and in part due to the many
very different regimes are encountered, one applying to isoPotential applications. The sensitivity of the LSPR to
lated noble metal nanoparticles, the other to continuou§hanges in particle shape and the manner in which adjacent
noble metal nanostructures. Metallic nanoparticles suppoRarticles interact are particularly Important and have been the
localized surface plasmon resonances while extended surfaclPIect of many recent investigation's,” nonetheless, itis
plasmon-polariton modes are found on continuous nobldh€ resonances of individual nanoparticles that usually domi-
metal films. Many studies have separately explored these giate. _— .
calized and extended regimes: here, we look at the transitioF In contrast the electron plasma oscillation at the interface

from one regime to the other. Given the contrasting nature o etween a continuous metal film and a dielectric, known as
9 ' 9 he surface plasmon polaritqi$PB, is extended in nature

the surface plasmon r_nodes |.n.volve_d It s mopriori ObY" and, for a planar metal-dielectric interface, cannot be excited
ous_whgt character _thls trans_mon will take. We describe theby incident light. This is because for a given frequency the
fabrication of a variety of different sample str_uctures andmomentum(wave vectoy associated with a SPP mode is
report results of measurements that explore mdependentg(h,\,ays greater than that of a photBrThe introduction of
both the structural transition from nanoparticle array to nanoyextyre that is periodic on the scale of the wavelength of the
hole array and the evolution of the surface plasmon modegident light onto the surface enables photons to scatter,
they support. thus providing them with additional momentum that enables
When visible light at an appropriate frequency is incidentcoupling between light and the SPP mode.
on a noble metal nanoparticle the spatially confined conduc- Despite a long history, the topic of surface plasmons con-
tion electrons undergo a coherent oscillation known as théinues to yield new insight into the interaction between nano-
localized surface plasmon resonarit&PR).2 The spectral  structured metals and light. In addition to allowing light to
position and width of the LSPR is governed by the geometrycouple to surface plasmon modes, wavelength-scale periodic
of the particle, the dielectric functions of both the metal andtexture can also be used to construct photonic surfaces for
surrounding media, interparticle interactions, and polarizaSPPs. This has led to both the demonstration of a full pho-
tion of the incident lighf The LSPR leads to a substantial tonic band gap for SPP&Ref. 16 and a means to control
electromagnetic field enhancement relative to the incidentheir propagatiort’! SPPs are also involved in the observa-
field that plays an important role in surface-enhanced Ramation of enhanced transmission through otherwise opaque me-
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tallic films perforated with a periodic array of subwave-
lengths holed®1°A key aspect of these developments is that
not only does the introduction of wavelength-scale structure
introduce a richness into the resulting surface plasmon
modes, it also allows incident light to be coupled into and
out of these modes.

Nanoparticles that form an array of fixed period will have
edges that get closer together as the size of the particles
increases so that one might expect the surface plasmon
modes of the individual particles to interact with each other.
Such an interaction might then lead to a soft transition from
individual particle to continuous film behavior; as we will
show below, this is not what happens. The work presented
here explores the transition through an experimental exami-
nation of the dispersion of the surface plasmon modes as the
nanoparticles of an array increase in size, eventually merging
to form a nanohole array. Dispersion maps were obtained by
measuring the optical transmittance as a function of fre-
guency and in-plane wave vector. These data were correlated FIG. 1. Digital photo of a nanosphere array formed from 390-
with images of the arrays obtained using scanning electronm-diam polystyrene spheres wittA) monolayer region,(B)
microscopy(SEM). In this way we were able to explore the multilayer regions(C) nanosphere wall, anD) single-monolayer
transition in behavior from the nanoparticle response, domidomain indicated.
nated by LSPR modes, to the hole-array response, dominated
by extended SPP modes. At the edge of the substrate a wall of nanospheres up to 1

mm across and up to 30 nanospheres thick is formed during
the initial stages of the drying procedure. The final stage of
Il. SAMPLE FABRICATION the process was to thermally evaporate silver through the

Samples were fabricated using the nanosphere Iithograpt@f"m.osphe".a arrays. Subsequent nanosphere re_moval by 'ultra
technique as developed elsewhéta.the first step chemical onication |n_d|chloromethane left an array of triangular sil-
treatment of the substratéfused silica, 25 mm 25 mm ver nanopatrticles. In all the samples discussed here 50 nm of
X 1.5 mm) was used to render its surface hydrophilic. Thiss'lver was deposited. . :

In order to use the same basic technique to make arrays of

was achieved by soaking in a solution of sulphuric acid/I ticl q hol th h
hydrogen peroxid€3:1) for a minimum of 2 h. The sub- arger hanoparticles and nanonole arrays, th€ nanospneres
‘were subjected to a reactive ion etch using an oxygen

strates were then rinsed in ultrapure water followed by im . ) . )
Plasma, prior to evaporating the silver. Hagin®teal. were

mersion and ultrasonication in a solution of ultrapure water . . . .
b the first to incorporate this extra step, successfully fabricat-

ammonium hydroxide/30% hydrogen peroxi¢&1:1) and . S ! .
sonicated for 1 h. Finally the substrates were thoroughl)}ng hole arrays in silicon by evaporating a Pt-Pd resist across

rinsed in ultrapure water and stored under ultrapure watef" etched nanosphere arfdyBy incrementing the etch time

until required. After removal from the water the substrates" 10-s steps from 50 to 120 s, the diameter of the nano-

were dried in air at a temperature of 60 °C. Next, fresh uI_spheres is steadily reduced, resulting in samples with metal-

trapure water was deposited and dispersed across the SLIB:-e rninfop?or?mdehsolgfa'rr;grias'.?ﬁ aSIZ:r':gt'I:j;rr:ﬁgalet\g e?ﬁ:?'g;
strate, the amount of water used depending on the conce% 9 ys wi period 1 ;

tration of the colloidal solution and the nanosphere diamete € particle array. The process is shown schematically in
to be used. A colloidal nanosphere soluti@®0 nm diam- ig. 2.

eter, 4% solids from Duke Scientific Cojpwas deposited

onto the water film and dispersed by a gentle tipping and lll. RESULTS AND DISCUSSION

rotation of the sample until an even concentration was

present across the substrate. Typical volumes used when or- A. SEM images

dering 390-nm-diam nanospheres were 100f water and 8 In Fig. 3 we show SEM images ¢&) a nanoparticle array
wul of solution. Finally, the samples were dried in an oven atformed without etching the nanospherés, a nanoparticle/
60 °C for~1 h. nanohole intermediate structure, aiaylan array of 300-nm-

As the water evaporates the nanospheres self-assemhd@am holes. The diameter of the nanospheres prior to etching
into a hexagonally close-packed monolayer array suitable fowas 390 nm, resulting in a periodiciys= 338 nm. The fea-
use as a lithographic mask. An example of a nanosphereires caused by the presence of defects in the crystalline
array formed with 390-nm-diam spheres is shown in Fig. 1structure, such as vacancies, slip dislocations, and variations
The monolayer regiotioutlined covers an area of-3 cn?  in nanosphere diameter, are most apparent in the nanoparticle
and consists of randomly oriented monocrystalline domainsarrays, Fig. 8); nanowires and “bow-tie”-shaped particles
the largest single domain beingl0 mnt in area. Surround- are produced. For the nanoparticle arrays these defects seem
ing the monolayer region are a variety of multilayer regions.to have little effect on the overall optical response. However,
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FIG. 2. Schematic of fabrication proce$$) Drop pipette col-
loidal solution,(2) ordering of nanospheres as fluid evaporat8s,

silver evaporation onto nonetchékft) and etchedright) nano- 1 pm

sphere arrayg4) plan view of arrays prior to sphere removal, and e

(5) particle array(left) and hole arrayright) after nanosphere re- ‘ ‘ ‘. ...
moval. . . . . .

as the nanospheres are etched the influence of structural de- '
fects on the optical response becomes significant. Now even

small variations in the nanosphere diameter will lead to a '.. ‘ .0. ‘
gradual rather than a sudden change as the etch time is in- ‘ ‘ . ‘
creased; some nanoparticles will merge while others will re- ‘ ’ .

main isolated. This is seen in Fig(3 where there are gaps . ‘ . 0 .
and channels in the metal film surrounding what would oth- ' . .“.. .

after the samples have been etched further, as shown in Fig. . .
3(c). Here a continuous network of metal perforated with an .
array of nanoholes approximately 300 nm in diameter has 4N

been produced; there are no gaps and no isolated nanopar- 1 um
ticles.

erwise be holes. The gaps and channels no longer appear

FIG. 3. SEM images ofa) nanoparticle array formed without
B. Optical characterization etching the nanosphere arrély) intermediate structure formed after

. . . . etching the nanosphere array for 70 s, dodhole array formed
To obtain optical transmittance data a collimated bea”hfter etching the nanosphere array for 120 s.

(divergence~0.5° from a tungsten halogen lamp was di-

rected onto the samples. A monochromator was used to spesecond detector to allow source fluctuations to be taken into
trally filter the incident light(spectral width~2 nm), while a  account. Finally, a polarizer was placed in the incident beam
mechanical chopper modulated the intensity of the incidenso that the polarization state of the incident light could be
light so as to allow phase-sensitive detection of the zeroeontrolled.

order transmitted and reflected beams. Further, a beam split- To understand the optical behavior of the periodic nano-
ter redirected a small fraction of the incident beam onto astructures we wished to build up dispersion maps from the
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FIG. 5. Transmission spectra fprpolarized light withk,/2
=0 from samples etched for 0 s, 50 s, 70 s, 100 s, and 120 s.
Arrows indicate positions of the localized surface plasmon reso-
nance.

FIG. 4. Schematic illustrating the orientation of the hole array
relative to coordinate axes and Bragg vectoysandb, where6 is
the angle of incidencek is the incident wave vector, arlg is the
in-plane wave vector.

shows a clear minimum at 615 nm, attributed to the
transmittance data. To do this it is necessary to collect datansemble-averaged LSPR. As the etch time is increased this
not only as a function of the frequenay, but also as a minimum shifts to longer wavelengths, occurring at 675 nm
function of the in-plane wave vectdr;. The in-plane wave for a 50-s etch and at800 nm for a 70-s etch, this behavior
vector is the component of the incident wave ve&ipim the  being consistent with data collected from many samples fab-
plane of the sample. Varying the in-plane wave vector wasicated with a variety of etch times frw O s to 70 sThis
achieved by mounting the sample on a motor-driven rotatingedshift of the LSPR for increasing particle size is well
stage and choosing angles of incidence appropriate for ea&mown and is due to the increasing effect of radiation damp-
in-plane wave vector value for which data were to be reding as particle size increases.
corded. Figure 4 shows the coordinate axes, together with the A shift in the resonant wavelength is also expected to
axis of rotation used, thé€0,1,0 axis. With this choice of arise from a change in the dipolar coupling between nano-
rotation axis the in-plane wave vectly was always in the particles as their separation decreases. For pairs of nanopar-
(1,0,0 direction. Measurements were made for bpthand  ticles a redshift in the position of the LSPR is observed as
s-polarized incident light. At normal incidence the electric particle separation decreases when the polarization of the
field (E field) for p-polarized light is parallel to thé1,0,0 incident light is parallel to the interparticle axis while a blue-
axis: for s-polarized light it is parallel to th€0,1,0 axis.  shift occurs for the orthogonal polarizatihHowever, the
Upon rotation of the sample about the,1,0 axis, influence of dipolar interactions is more complex with peri-
p-polarized light has a component of tfiefield normal to  odic assemblies of nanoparticles. Hayretsal. have ob-
the interface whereas tliefield for s-polarized light remains served a blueshift in the LSPR position with a reduction in
parallel to the interface for all incident angles. The samplegparticle separation when the particles are contained within
were initially oriented so that one of the Bragg vectors assoboth square and hexagonal arrdy3here are thus likely to
ciated with the periodic structure was in the plane of inci-be competing processes involved in producing a shift in the
dence. This is known as the conical mount and correspondsosition of the LSPR; in our case, the dominant effect ap-
to an azimuthal angle=0° [the azimuthal angle defines pears to be the increase in size of the nanoparticles.
rotation about thd0,0,1) axis with ¢=0° along the(1,0,0 As described above, transmittance measurements obtained
axis]. for a matrix of frequency and in-plane wave vector values

Before looking at the acquired dispersion scans it is in-allow a dispersion map to be produced. Figure 6 shows
structive first to look at some individual transmittance spec{-polarized transmission dispersion scans from the nanopar-
tra. Figure 5 shows the transmittance for normally incidenticle (a), intermediatgb), and nanoholéc) arrays described
light for samples ranging from arrays of well-isolated nano-earlier. The strong, nondispersive absorptidark) feature
particles to nanohole arrays; they were fabricated using etcbentered at a frequency of 1.63n ! (615 nnj in Fig. 6a) is
times of 0 s, 50 s, 70 s, 100 s, and 120 s. As the etch time isharacteristic of the ensemble-averaged LSPR. The disper-
increased the nanoparticles increase in size so that while trston scan for the intermediate structure shows ill-defined fea-
center-to-center particle distance remains fixed the extremiures consistent with the random nature of the defect-related
ties of neighboring particles become closer. For the well-discontinuities in the silver film; see Figsi3 and 6b). The
isolated nanoparticle arrggtch time 0 § the transmittance dispersion data change dramatically when the etch time is
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FIG. 6. Measured transmittance as a function of in-plane wave kSPP:E e1t+es @

vector and frequency in the form of a greyscale diagram for
p-polarized light incident upon the) nanoparticle arrayb) inter-  wherekgppis the magnitude of the surface plasmon-polariton
mediate structure, an) hole array imaged in Fig. 3. wave vector and:, is the frequency-dependent relative per-
: A . mittivity of silver. For typical values ofe, in the visible

increased such that a perforated thin-film structure is pro; . . S
duced that does not have any discontinuities. The transitiof{S"P Ko SO that, as noted in the Introduction, the coupling of

is clearly illustrated in Figs. @) and 5 with the appearance incident light to the SPP is not possible unless the wave
y N F1gS. PP vector of the incident light is enhanced, in our case by scat-
of a strong extinction feature centered ab/2wc

_ 1 oo = 1 tering off the periodic structure. The in-plane wave vegtor
=2.05pum = for normal incidence K“IZW_O,"{m ) and ¢ ihe incident radiation is modified when compared to that
three modes intersecting ai/2wc=1.53um™", also for

normal incidence. The frequency at which the modes interof the scattered radiation by the reciprocal lattice veGor

sect at thek/277=0 axis rises as the hole diameter is re- When the coupling condition
duced, evident in Fig. 5 where a slight dip is observed in the
transmittance from the samples etched for 100 s and 120 s at
wl2mc=1.46um ! and w/2rc=1.53um™ !, respectively.
Results(not shown obtained from samples etched for as

kspr= K+ G ()

is fulfilled the transmittance and reflectance of light by the
structure will be modified, thus allowing observation of the

long as 180 s confirm this behavior. modes of the structure. The diffracted light lines are found in
_ _ a similar way, by applying the scattering equati@p to the
C. Discussion light line equation(1).

To help identify the physical origin of the modal features ~ Assuming the nanospheres self-assemble into a perfectly
seen in Fig. &) we show the same data in Fig. 7, but now ordered hexagonal arrangement, the resulting particle or hole
superpose the dispersion of scattered surface plasmon polafifray may be described using a two-dimensional primitive
tons and scattered light lines. The light line defines the maxicell with lattice vectorsa; anda, and an included angle of
mum wave vectokg, an incident photon may possess in the 120°. The corresponding primitive vectors of the reciprocal
plane of the samplégrazing incidenceand in a dielectric lattice, b, and b, (see Fig. 4 are equal in magnitude and

medium of real permittivitye, is given by map the scattering centers in reciprocal space according to
the relation
Kot = — 1
0T ¢ Ve @ G=mb;+nb,, (4)
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wherem andn are integergpositive or negativeandb, and Frequency, o/2nc (um’)
b, are defined by the relationship 22 2 18 1.6 1.4 12 o
zz Zero-order region
bi .a.j:2’775ij s (5) 0.7_ A f0.16
- os -0.14 -
for which 6;=1 if i=j and §;;=0 if i#]. For our choices g:} ’ H0.12 g
of sample orientatior{Fig. 4) the reciprocal lattice vectors E § 0.5 <
are set so thett; =27/\g(1,0,0) is in the plane of incidence £ £ 041 [010%
andb,=2m/\g(1/2¥3/2,0) is directed at an angle of 60° to % 38 0.3 L0.08 &
b,. The component of the incident wave vector parallel to+~ < 0.2
the interface is thus scattered by the combined integer mul: ' -0.06
tiples ofb; andb,. i : . . , . 0.04
The dispersion of the lowest-ordemE £1,n=0) scat- 500 600 700 800

tered silica/silver interface SPP modes, calculated by em: Wavelength (nm)

ploying a Drude model for the frequency-dependent dielec-
tric function of the silver, is shown as the dashed lines in Fig, _ -1 ] ; CL
7. The offset to higher frequgncies of the modeled SPP mods'of‘eC t;?r:; ¥ézr;ed0£i$n; lzfg_rspe?;:é”md light incident Lipon a
when compared to that obtained experimentally may perhaps
be explained by considering how the presence of the holes The observation of transmission minima being associated
modifies the effective thickness of the silver layer. In contrastyith reflectance maxima is in marked contrast to the en-
to a uniform metal film, the hole array is substantially per-hanced transmission and associated reduced reflectance seen
meated by air. The evanescently decaying electric field assin hole arrays in much thicker silver filmtS.The hole arrays
ciated with the silica/silver interface SPP mode extends intgtudied previously have usually been fabricated in optically
the holes and also directly through the metal into the aithick metal films, typically with a lattice constant somewhat
bounding the opposite interface; the dispersion of the modaigher than the diameter of the holes. In the present work,
is thus altered. In the absence of an accurate model for thigowever, the metallic arrays are optically thin: this together
dispersion of SPP modes on perforated metal films we atwith a low surface coverage of silver results in a far higher
tempted to model this effect simply by using an effectiveprobability of direct transmission. This in turn leads to the
thickness for a planar metal that was thinner than the filmpossibility of interference between light that is directly trans-
used. Using a metal film thickness of 12.5 nm gave the solignitted and light that is first coupled into an SPP mode by
lines shown in Fig. 7 for the dispersion of the lowest-orderscattering and then coupled back out to light, again by scat-
scattered SPP modes associated with such a film. The posering. If this SPP-mediated light is out of phase with the
tions of these calculated modes are in fair agreement with theirectly transmitted light, then transmittance minima rather
experimentally derived SPP dispersion. The hypothesis ighan maxima will be observed. One may expect that as the
supported by the blueshift of the plasmon modes observed afle diameter is decreased, simply by etching the nano-
the hole diameter is decreased, reducing the proportion of apheres for a time longer than 120 s, then transmittance
within the layer relative to the amount of silver and thereforemaxima may be observed as the intensity of the directly
increasing the effective thickness. transmitted light is reduced. From preliminary results this
It is also instructive to look at reflectance as well as transappears to be the case, though further investigation is
mittance since the combination can be used to infer absormeeded. Similarly, the increase in the zero-order reflectance
tion, provided no diffraction is possible. This is useful sincethat we observe might be attributed to interference between
when light is coupled to SPPs the enhanced fields associatéight that is specularly reflected and that which is first
with such modes lead to an increase in the absorption—eoupled into the SPP and then coupled back out.
absorption is thus another indicator of the presence of SPP There are three further observations to make concerning
modes:®#*~?*The first-order scattered silica light lines are the dispersion data, Fig. 6, that we cannot fully explain at
plotted as dotted lines in Fig.?? At frequencies below these this stage. First, we note that the SPP modes are only weakly
lines, the zero-order regime, no diffraction into the far field iscoupled at normal incidencek(27=0). For incident light
possible. Therefore, to account for a reduction in transmisto generate the surface charge density associated with the
sion one need only consider light that is specularly reflectedsPP the mode there needs to be a component of the incident
and light that is absorbed by the structure. The absorbance electric field perpendicular to the interface. Not being able to
in this zero-order regime is inferred by simply combining thefulfill this condition for light normally incident on a sinusoi-
reflectanceR and transmittancé via the relationA=1—R  dally modulated metal film is responsible for the lack of
—T. Shown in Fig. 8 are reflectance, transmittance, and abeoupling to one of the band edges associated with an SPP
sorbance spectra at an in-plane wave vectorkglm  band gap on such surfac&sA similar reason may be behind
=0.5um™?, taken with light incident on the air/silver inter- the lack of coupling we see here for our modes at normal
face of the hole array. From the data we see that reflectandacidence. Second, there is a strong dip in the transmission
maxima(e.g., at 610 nmare associated with the transmis- centered at a frequency @/27c=2.05um™ ! at normal
sion minima and, by inference, absorbance maxima. incidence for the hole arrays, Figs. 5 an@)6t is located

FIG. 8. Transmittance, reflectance, and inferred absorbance
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slightly below the frequency at which the diffracted light have shown that there is an abrupt transition in the optical
lines intersectw/2rc=2.10um™ 1, and is found to be in- response of these structures from localized surface plasmon
variant in position as the hole diameter is changed. The oriresonances to delocalized surface plasmon-polariton modes,
gin of this feature is not yet clear but is associated with aas nanoparticles increase in size and merge to form a con-
reflectivity maximum and strong absorptiofdata not tinuous perforated film. In contrast the SEM images show a
shown. Last, we note from the dispersion data the presencsoft transition from nanoparticles to nanohole arrays as the
of a third bandlike feature centered af2wc~1.5um™!  etch time is increased arising from the presence of a signifi-
that shows only weak dispersion. The origin of this feature iscant number of defects in the fabricated structures. This con-
not clear but is perhaps due to SPP modes scattered by tiv@st between a soft transition in the SEM images and an
second reciprocal lattice vectbg, the one that is not in the abrupt transition in the optical response is attributed to the
plane of incidence. Modeling the optical response of oumeed for connectivity of the metal mesh before extended SPP
structures may help elucidate these three aspects that thus faghavior can be exhibited. Some features remain to be ex-
remain unclear; this is the subject of ongoing research.  plained. Further investigation should not only improve our

knowledge about these aspects: it may also help us to exploit

IV. CONCLUSION these fascinating structures in a variety of applications.

Using an extension of the nanosphere lithography tech-
nigue in which a two-dimensional array of nanospheres is ACKNOWLEDGMENT
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