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ABSTRACT
The infrared extinction properties of gold nanocrescents fabricated using nanosphere template lithography were studied. The nanocrescents
exhibit multiple, structurally tunable localized surface plasmon resonances (LSPRs) across a broad spectral range (560 —-3600 nm). Plasmon

resonances in the infrared have large extinction efficiencies of ~20 and peaks as narrow as 0.07 eV. The nanocrescents also have high
refractive index sensitivities (370 —880 nm/RIU) that are proportional to the LSPR wavelengths. The sensing figure of merit measured for
ensembles of nanocrescents is as high as 2.4 for near-infrared plasmon resonances.

The possibility of tuning the unique optical properties of apertureless near-field microscopy proBeshemical and
noble metal nanoparticles (MNPs) through control of struc- biological sensor§! and as nonbleaching optical lab&3§.he
ture and interparticle distances has motivated research effortsypical red-shift of LSPR wavelengths due to an effective
in developing new methods of nanoparticle design and refractive index increase caused by binding of biomolecules
assembly. For MNPs, the confined conduction electrons areto functionalized MNPs or a decrease of the average
induced to oscillate collectively when exposed to light of & interparticle distance leading to LSPR coupling has been
proper resonance wavelength, leading to a localized surfacegyploited in transmission-localized surface plasmon reso-
plasmon resonance (LSPR). The LSPR phe'no.mena includéyance (T-LSPR) spectroscopy,assays based on MNP
wavelength-selective photon absorption, emission, and Scat'agglomeratioﬁf‘vﬁmolecular force ruler and chemical and
tering as well as the generation of locally amplified p;5\0gical sensor In addition to the LSPR sensitivity,
ele(;:trom?)gntetm (fjlet:ds. T_h?_se OPt";ﬁ' ﬁ’\;?\lp;rt';s depeeznd OMhighly localized electromagnetic fields produced at the sharp
and can be tuned by vanatons in the VNS Bhap ' edges or tips of some nanostructures or between two coupled
compositior? interparticle distancéand dielectric environ- MNPs also play an important role in the application of
5
ment MNPs. For example, localized electromagnetic field en-

The increasing diversity of MNPs reported in the literature . .
. . o hancements are important in surface-enhanced Raman scat-
is well matched by numerous prospective applications of | . 20
Jering spectroscopy (SERS).

LSPR-active particles as components in micro- and nanoscal . . )
optical device§substrates for surface-enhancedspectroschies, ~ ©One challenge associated with MNPs is the need to be
able to tune the nanoparticles’ optical properties for each
* Corresponding author. E-mail: shumaker-parry@chem.utah.edu.  specific application. For example, Van Duyne and co-workers
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decreased until there is no opening in the structure and
continuous gold rings are formé&?.Rings also may be
fabricated using small templates (e.g., PS with diameters
<125 nm) and low deposition angles to produce low aspect
ratio structures, (i.e., the ratio of particle length to particle
O width or height) if the gold film thickness is approximately
: equal to or greater thaik of the template diameter (e.g., 45
nm for 125 nm diameter PS). The rings are the most
Figure 1. SEM images of nanocrescents templated with PS beads symmetric if the azimuthal and deposition angles are
with diameters of (A-C) 356 nm, (D) 194 nm beads, and (E) minimal, @ and 20, respectively. This correlates with a
nanorings templated with 125 nm diameter PS beads. Azimuthal revi I blished nanoring fabrication mett&&mall
angles of (A) 10 and (B) 55 with respect to the gold deposition previously published nanoring fabrication metr a
source were used to produce different aspect ratios. islands surrounding the nanorings shown in Figure 1D are

o ) o due to incomplete etching of the gold film. Ideally, etching
showed a significant affect of tuning the excitation wave- parameters are adjusted so there are no islands remaining
length relative to the LSPR wavelength for optimal enhance- ,, the surface. as shown by SEM imaging. However, it is
ments and signal generation in SERSand surface- ot trivial to adjust the etching time so that all traces of gold
enhanced infrared absorption spectroscopy (SEIRAB)EY  zre removed from the surrounding surface without heating
showed that signals are most enhanced when the extinctione s hstrate and melting the polystyrene colloid templates.
maxima of MNPs or metal islands coincide with the gyperimentally, we have found that the presence of small,
excitation/emission spectral bands of the light source and ihin islands (i.e., less than 10 nm wide and a few nanometers
the vibrational bands of the molecules of interest located in high as characterized by SEM and AFM) has no effect on
close proximity to the nanoparticles. In addition, control of o measured optical properties of the templated structures.
the magnitude and the extent of localization of electromag- For all nanocrescents. the tios become sharper with an
netic field enhancements also is critical for optimizing signals increase in the in-olane :sls ectpratio (i.e., ratio c?f lenath to
in surface-enhanced spectroscopfies to produce micros- . pie P L °Ng

. L . width or length to height) due to an increase in the incident

copy probes with well-controlled and optimized spatial deposition angle or a decrease in gold thickness. The

resolutiont© 2 .
nanocrescents’ thickness and the radius of curvature of the

In this report, we prgsent the highly sensitive, broadly tips were characterized by AFM (data not shown) and SEM,
tunable LSPR properties of crescent-shaped MNPs. The : : . :
respectively. The tip radius of curvature is less than 10 nm

nanocrescents exhibit multiple, structurally tunabl'e'locallzed for the particles shown in the SEM images in Figure 1A,8,D.
surface plasmon resonances (LSPR) from the visible to the o ) i
infrared and are expected to behave as optical antennas due 1€ nanocrescents’ optical properties were characterized
to their sharp structural features. The nanocrescents have beefly UV~ Visible~NIR extinction spectroscopy. The loss of
fabricated using nanosphere template lithography (NTL), an I!ght measured is due to scatterlng_an_d abso_rptlon of |nC|de_nt
extension of nanosphere lithography (NSE34Rather than light by the nanocrescents. The incident light is approxi-

using large numbers of close-packed spheres as in NSL, NTLMately 80% plane-polarized. The electric field polarization
uses individual nanopsheres as templ&te®. The NTL is parallel to the nanocrescent long axis for the data shown

fabrication process for the nanocrescents combines nanoln Figures 2 and 3. Detailed polarization-dependent studies

sphere templating with angle-controlled metal film deposition USiNg & broad wavelength range polarizer to increase the

and ion beam milling82° Polystyrene spheres (PS) with €Xtent of polarl_zatlpn are underway.

diameters ranging from 125 to 659 nm were used as The spectrain Figure 2A and the data presented Table 1

templates. The SEM image in Figure 1A shows the ability are representative for nanocrescents produced using 125, 194,
to produce a large number of nanocrescents with well-defined 356, and 465 nm diameter PS templates. At least three

and uniform size, shape, and orientation on a glass substratdlistinct peaks are shown in each spectrum. These peaks are
using NTL. easily resolved due to the uniform size, shape, and orientation

The NTL technique is versatile, providing control of Of the nanocrescents, even for large-area (i.e., beam size 20
numerous structural features by controlling fabrication Mn¥) ensemble measurements. For all of the nanocrescents,
parameters. The template diameter and the gold film thick- the shortest wavelength peak is observed at £080 nm
ness determine the size and thickness, respectively, of theand is likely due to an out-of-plane resonance. Generally,
nanocrescents. Using the same diameter PS template, théhe LSPR peak in the visible region has a small amplitude
sharpness of the nanocrescent tips and the distance betweegPmpared to the other LSPR peaks and is much less sensitive
the tips can be changed by varying the gold film thickness to the polarization of the incident light with respect to the
and the incident deposition angles (i.e., the tilt angle with orientation of the nanocrescents.
respect to the substrate surface normal and the incident angle In addition to the peak in the visible region, nanocrescents
with respect to the metal source). The effect of changing exhibit at least two other longer wavelength peaks, as shown
the metal film thickness and the deposition angles is shownin Figure 2. The longitudinal plasmon resonance peak (e.g.,
in Figure 1B-F. In addition, by controlling the azimuthal the peak at 2470 nm for 356 nm diameter nanocrescents)
angle with respect to the surface normal of the substrate thedominates the spectrum when the incoming light is polarized
gap between the tips of the crescents can be incrementallyalong the crescent’'s long axis. The amplitude of the
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Figure 2. Size-dependent nanocrescent LSPR properties. (A) Ensemble extinction spectra with the PS bead template diameter shown near
the longitudinal peaks. The extinction value (0.067) for 356 nm template diameter nanocrescents was found from the difference between
the baseline established by a Lorentzian peak fit and the peak maximum. (B) The linear dependence of nanocrescent LSPR peaks on the
diameter of the PS template used to fabricate the nanocresB&nsues for longitudinal and transverse resonances are 0.982 and 0.993,
respectively.
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Figure 3. LSPR sensitivity to the local dielectric environment. (A) The LSPR extinction spectra for 194 nm diameter templated nanocrescents

(height 34 nm) upon a change in dielectric environment. Refractive indices of each medium are shown near each longitudinal LSPR peak.
(B) The LSPR for the nanocrescents is the sensitivity to dielectric environment is equal to the value of the slope.

Table 1. Representative LSPR Properties of Nanocrescents as a Function of Size and Aspect Ratio

diameter, Apeaks Epeax, sensitivity, sensitivity, relative sensitivity, fwhm,

nm nm eV nm/RIU eV/RIU %/RIU eV FOM

410 2640 0.47 879 0.14 29.5 0.07 2.0

1570 0.79 440 0.21 25.6 0.13 16

356¢ 2470 0.50 793 0.13 26.8 0.07 1.9

1463 0.85 416 0.21 26.2 0.13 16

3564 2184 0.57 682 0.15 26.3 0.10 1.5

1208 1.03 459 0.32 31 0.26 14

194¢ 1795 0.69 596 0.19 27.8 0.08 2.4

1150 1.08 418 0.31 28.4 0.20 1.6

1944 1586 0.78 485 0.20 25.9 0.11 1.8

978 1.27 242 0.27 21.5 0.12 2.3

125¢ 1305 0.95 416 0.25 26.8 0.21 1.2

1254 1083 1.14 368 0.32 28.2 0.32 1.0

aValues for longitudinal peaks are in normal fohtvalues for transverse peaks are in italiesligher aspect ratio: incident angte40°. 4 Lower aspect
ratio: incident angle= 20°. € Higher aspect ratio: thickness 34 nm, incident angle= 20°. f Lower aspect ratio: thickness 40 nm, incident angle= 20°.

transverse plasmon resonance peak (e.g., the peak at 145t the incident light polarization with respect to the nano-
nm for 356 nm diameter crescents) is maximum when the crescent orientation is noticeably stronger for longitudinal
incoming light is polarized parallel to the crescent’s short peaks with decreases in peak amplitude of-3800% with
axis. The sensitivity of the LSPR extinction peak amplitude unfavorable polarization. In contrast, the transverse peak
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amplitude varies by only :630% with a change in orienta-

tion with respect to the incident light polarization. Figure Table 2. Extinction Properties of Gold Nanocrescents and

2B shows the linear dependence of the LSPR peak wave Nanorings

length for longitudinal and transverse peaks on the diameter extinction extinction

of the PS template used to fabricate the crescents. diameter, height, cross secinn’z efficiency,
For some nanocrescents, a shoulder appears on the shorter — Oext X 107 00 Qext

wavelength side of the transverse peak as shown in Figure 356 87 71 23

2 for the 194, 356, and 465 nm diameter particles. The iggz 22 257’ ;}

presence of a shoulder provides evidence that higher-order ., 45 35 10

resonances also may contribute to the extinction spectra. In
some cases, this shoulder may not be obvious and may

contribute 1o trlle Tbrgladfr:!ntg ]E)f”th(_adttr:antS\r/]eT?e plgsmonwas a consistent 13% red-shift in the longitudinal plasmon
resonance peak. faple 1 UISts Tull widih at hall:maximum o, hance peak for 194 nm diameter crescents (i.e., from

(fwhm) values that can be used to compare peak broadenin91585 to 1795 nm) and 356 nm diameter crescents (i.e., from
for different nanocrescents. For 125 nm diameter crescents;,2184 to 2470 nm) as the in-plane aspect ratio increaséd As
asymmetric rings, and even some low in-plane aspect raﬁo:shown in Table 1, the fwhm in eV decreases as the resonance

194 nm d'ameter crescents, a single peak |n_ the NIR Wasenergy decreases, so those peaks become more narrow as
observed with a fwhm of 0:20.3 eV, at least twice as wide they red-shift

as the resonance peaks observed for well-separated longi- Extinction is defined as = (1 — 1/l5) and is measured in

tudinal and transversg plasmon resonance peaks of 194 nMy - nsmission geometry using a spectrophotometer. The
356 nm, and larger diameter crescents (i.e., fwhm of-©.08 extinction Cross sectione, was calculated ag/N, whereN

0'12. e\_/). The Increase in fwhm is likely due to the close is the particle density (particles/@restimated using SEM
proximity of th'e longitudinal and trapsverse LSPR'peaks for images. The extinction efficiencyQec, is the ratio of the
the 125 nm dlameter_and low yertlcgl aspect ratio 194 nm particle’soex in ni? to the geometrical cross section @i
diameter crescents with small tip-to-tip distance. DecreaseSRepresentativeext and Qu values are reported in Table 2.

in tip-to-tip distance correlate with the convergence of rng eytinction efficiencies are greater than 20 for the
transverse and longitudinal peaks and often a shoulder or &,,4crescents and exceed any value reported from experi-
splitting of the main resonance peak in the NIR Was mants for nanostructures including rifsdiscs®® and
observed. Calculatlon_s are being done to better.understan%he”@ by factors of 3-8. The experimentally measured
the nature and contribution of the observed dipolar and gytinction efficiencies also are greater than those calculated
potentially multipolar resonances to the extinction spectrum. ¢, rings Qex.= 18) 2 ellipsoids Qex = 13)3 and nanoshells
The number of plasmon resonance peaks observed in thqQ,,, = 5)3! The Qe for the rings we fabricated was 10.
spectra also is dependent on if the nanoparticle is a closedThis value lies between the experiment@l,¢ = 8) and
ring or an open crescent-shaped structure. Symmetrical ringscalculated Qe,; =18) values published by Aizpurua, et?l.
are expected to have only two peaks: one peak correspondingrhe large extinction efficiency is important for sensing
to an out-of-plane resonance and a red-shifted peak due taapplications because it is proportional to the spectroscopic
the in-plane resonance. The location of the resonance dependsignal-to-noise ratio and consequently should allow detection
on the ring dimensions as well as the aspect ratio. For using fewer numbers of particles if all other parameters
example, rings with a 120 nm inner diameter/240 nm outer remain constant.
diameter exhibit a single peak in the NIR at 975 nm. The  The sensitivity of the LSPR peaks to changes in the
resonance peak location is similar to the 980 nm resonancedielectric environment was investigated by collecting spectra
wavelength reported for 92 nm inner-diameter/120 nm outer- of nanocrescents immobilized on glass surrounded by air,
diameter rings published by Aizpurua, ef&ilthough the CCl,, and CS. Representative spectra for 194 nm diameter
rings have different inner and outer radii, the heights are nanocrescents are shown in Figure 3A, and sensitivity factors
the nearly the same (i.e., 485 nm). The major structural  for several different nanocrescent samples are listed in Table
difference between these nanorings is the in-plane aspect ratid.. As evident from both the longitudinal and the transverse
which was 8.6 for the previously published rings, which is LSPR peaks, the nanocrescents are sensitive to the dielectric
approximately twice the aspect ratio of 4 for the rings we environment and the resonance peaks red-shift as the
fabricated. The similarity in the LSPR wavelengths for the refractive index of the surrounding medium increases. This
two types of rings with different diameters indicates that the red-shift may be expressed as a change in the peak
in-plane aspect ratio is as influential as the diameter of the wavelengthAimax in Nm or as a change in the peak energy,
rings on the resonance wavelength. We also have observed\E,,, in €V. The slope of the line in the inset graph of
a sensitivity of the LSPR wavelength to the in-plane aspect Figure 3B is the sensitivity factor for that nanocrescent
ratio for nanocrescents with large tip-to-tip distances, as sample.
shown in Table 1. For example, as the deposition angle with  The graphs in Figure 4A,B show the linear relationship
respect to the source increased from(Bigure 1B) to 48 between the measured sensitivity factors and the extinction
(Figure 1C), the crescents became more narrow and the in-spectra peak wavelengths for both longitudinal and transverse
plane aspect ratio increased accordingly. As a result, thereplasmon resonances. This linear relationship correlates with

aGold nanocrescent8.Gold nanorings.
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A o35 . . . RIU) for transverse peaks than for longitudinal peaks (1.5%/

=2 s RIU). The difference in the standard deviation may be
DSC 0.30r 1 explained by the smaller amplitude of the resonance peaks,
® o251} ] resulting in a lower signal-to-noise ratio and a greater
= uncertainty in the exact peak position. We found no
2 0201 : significant difference in relative sensitivity with changes in
% 0.15 | ; the orientation of the nanocrescents with respect to the
] 010 _ _ . electric field polarization of the incident light. Whether the
04 0.6 0.8 10 12 incoming light was polarized along the longitudinal axis, the
LSPR Peak, eV transverse axis, or between these two axes, the crescent’s
B 000 . . . . relative sensmwt_y remained appro>_<|_m_ately the same. In qther
) words, the relative plasmon sensitivity of both the longitu-
x 001 ® dinal and transverse peaks is independent of light polariza-
g 800F tion.
> roor We calculated the relative sensitivities for other nanopar-
= 000 ¥ ticles reported in literature using published d®t&?:34-36
@ S0¢ ° We found that the relative sensitivity from experimental
B 40r measurements varies by at most a factor of 2, from the lowest
0 1200 1600 2000 2400 280 relative sensitivity of 19%/RIU for 74 nm diameter, 20 nm

LSPR Peak, nm high discé° to the highest relative sensitivity of 40%/RIU
for 340 nm long, 80 nm diameter hematitgold core-shells,
Figure 4. Nanocrescent LSPR sensitivities to dielectric environ- or nanoricé®* while the size (35400 nm) and morphology
ment. Sensitivity as a function of (A) LSPR wavelength and (B) of those particles are much more diverse. For example, 35
energy for nanocrescents with different diameters. The slope of . . !
(B) defines the relative LSPR sensitivity in 1/RIU. nm o_llgr_neter silver sp_her@shave about the same relative
sensitivity as 356 nm diameter gold nanocrescents 286/

recent calculations by Miller and Lazarid&sOverall, the RIV).

nanocrescents demonstrate a high sensitivity that in- we calculated the sensing figure of merit (FOM) intro-
creases with nanocrescent size and a red-shift of the LSPRyuced by Van Duyne and co-workéfsThe FOM is the ratio
wavelengths. Nanocrescents fabricated with 410 nm dia- of | SPR sensitivity (eV/RIU) to fwhm (eV). Well-separated
meter PS templates had a sensitivity of 879 nm/RIU, greater jongitudinal and transverse LSPR peaks of 194, 356, and
than any other published experimental ensemble sensi-410 nm diameter templated nanocrescents produced FOM
tivity factors, including those for nanorice (i.e., 801 nm/ \51yes above 2, as shown in Table 1. The FOMs of rings
RIU).* o . and closed 194 nm diameter crescents are lower, in the range

As shown in Figure 4, the sensitivity factor for nanocre- ¢4 g1 7, due to the merging of transverse and longitudinal
scents follows two opposite trends as the size of the particle| gpr peaks as discussed above. The largest FOM measured
increases. The sensitivity in nm/RIU increases as recently, -« 2 35 for 194 nm diameter templated open crescents.
predicted® and the sensitivity in eV/RIU decreases as the There are several single-particle measurements with FOMs
crescents become Iar_ger and th? LSPR peaks red-shlfp_ ngreater than 873° We calculated the FOM for several highly
reconcﬂe these opposite 'tendenmes and to express sen§|t|V| ensitive nanoparticles reported in literature using data from
in a way equally appropriate for small or large nanopatrticles Sun, et al. (nanoshells, FOM 1.3)Jensen, et al. (triangular

with LSPR peaks in the visible or infrared, we compare prisms, FOM 1.7 and Wang, et al. (nanorice, FOM %),

relative LSPR sensitivities. The relative LSPR sensitivity is :
. ST . ) and we found that nanocrescents have the highest ensemble
the ratio of sensitivity in eV/RIU to the light energy in eV . .
FOM values reported in the literature.

at the LSPR wavelength multiplied by 100%. As shown in S ]
Table 1, the relative sensitivity varies very little (i.e., within N Summary, gold nanocrescents exhibit unique and highly
the uncertainty of peak wavelength measurements) fortunable LSPR properties, making them attractive for a
nanocrescents of different sizes with large openings. In Number of surface-enhanced spectroscopy applications such
contrast, there is an increase in sensitivity for the crescents®S SERS and SEIRAS. Because of the high dielectric
with a small gap between crescent tips. Asymmetric rings Sensitivity (up to 880 nm/RIU), there is great potential
have a slightly higher relative sensitivity (34%/RIU) than for expanding the already broad spectral range by simply
more open crescents (28%/RIU). The highest relative sen-using a substrate with a higher dielectric constant such as
sitivity of 38%/RIU was measured for 194 nm diameter silicon?? Characterization of the nanocrescents’ near-field
crescents with a low out-of -plane aspect ratio (height 60 Pproperties and the application of the particles in SEIRAS
65 nm). We are probing the basis for this enhanced are underway.
sensitivity.

The average relative sensitivities of the transverse peaks Supporting Information Available: Experimental de-
(27%/RIU) and the longitudinal peaks (27.5%/RIU) are tails, including materials, substrate preparation, fabrication,
statistically similar with higher standard deviation (3.6%/ structural characterization, and spectroscopy measurements,
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are described. This material is available free of charge via

the Internet at http://pubs.acs.org.
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