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ABSTRACT

We present novel gold nanophotonic crescent moon structures with a sub-10 nm sharp edge, which can enhance local electromagnetic field

at the edge area. The formation of unconventional nanophotonic crescent moon structure is accomplished by using a sacrificial nanosphere
template and conventional thin film deposition method, which allows an effective batch nanofabrication and precise controls of nanostructure

shapes. Unique multiple scattering peaks are observed in a single gold nanocrescent moon with dark-field white light illumination. A 785 nm
near-infrared (NIR) diode laser was used as the excitation source to induce the amplified scattering field on the sharp edge of the single gold
nanocrescent moon. The Raman scattering spectrum of Rhodamine 6G molecules adsorbed on the single gold nanocrescent moon are
characterized, and the Raman enhancement factor of single gold nanocrescent moon is estimated larger than 10 10, which suggests the potential
applications of gold nanocrescent moons in ultrasensitive biomolecular detection and cellular imaging using surface enhanced Raman
spectroscopy.

Raman spectroscopy is a label-free technique desired forhave developed nonspherical and reduced-symmetry nano-
ultrasensitive biomolecule detection and molecular dynamic structures as potential SERS substrate®. Differing from

study because it acquires the unique signatures of eachspherical nanoparticle SERS substrates that rely on inter-
molecule, the vibrational peaks of chemical boh&iSurface particle coupling, these unconventional nanostructures are
enhanced Raman scattering (SERS) further improves theproposed as independent SERS substrates to enhance local
sensitivity by amplifying the original Raman scattering scattering field. Among them, nanotip has been experimen-
intensity for several or even tens of orders of magnitude. tally used in local field enhancement, SERS spectroscopy
Spherical gold and silver nanoparticles have been extensivelyand imaging in which the nanotip provides not only the large
reported as the substrate in SERS-based molecule detettion local field enhancement but also the high spatial resolution
due to their advantages in local scattering field enhancing, since most SERS signal is generated from the tip &réa.
surface chemical modifications, biocompatibility, and well- Other cross-sectional ring-like nanostructures such as nano-
established chemical synthesis process. The intrinsic plasmorfings;'® nano half-shelld? and nanocup8 also have been
resonance of single nanospheres and the plasmon couplinglemonstrated and proposed for SERS applications.
between adjacent nanospheres are considered as the key andIn contrast to the previous work, our gold nanocrescent
necessary conditions for local field enhanciié? The moon has the features of both nanotip and nanoring which
optimal SERS substrate of spherical nanoparticle assembliegllow local electromagnetic field enhancement (Figure 1a).
depends on the size, the local dielectric environment and In cross-sectional view, the shape of the nanocrescent moon
the interparticle distancé4 In conventional chemical resembles a crescent nanomoon with sharp tips, so the sharp
synthesis or batch fabrications, the interparticle distance is€dge of the gold nanocrescent moon has the rotational
difficult to control due to the stochastic distribution of the analogy to a sharp gold tip and it expands the SERS “hot

nanospheres on a substrate. Most recently, several group§ite” from a tip to a circular line (i.e., a group of nanotips)
as shown in Figure 1b. In the top view the shape of the
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Figure 2. Fabrication procedure of gold nanocrescent moons. (a)

Casting a monolayer of spherical polystyrene colloids on a
hotoresist coated glass substrates. (b) Coating a gold layer on the
urfaces of polystyrene colloids by electron beam evaporation. The

sample is kept rotating at a certain angle with respect to the gold

target during deposition. The shape of the nanocrescent moons

Figure 1. Gold nanocrescent moons with sharp edges. (a)
Conceptual schematics of a nanocrescent moon SERS substrat
The gold surface can be functionalized with biomolecular linker

to recognize specific biomolecules. The sharp edge of the nano-
crescent moon can enhance the Raman scattering intensity so thaﬁiepends on the deposition angle in addition to the size of the

the biomolecules on it can be detected. (b) Geometrical schematicspo|ystyrene spheres. (c) Lift-off of the gold-coated polystyrene

oga ne_mocrescenthmoon. A QOIS nanocrefscent moon V(\j”th She.‘rpspheres from the substrate. (d) Scanning electron microscopy of
edges Integrates the geometric features of nanoring and nanotipSy 4 nanocrescent moons. The dissolution of the colloidal particles

(c) Transmission electron microscope images of two Nanocrescentigiaases the nanocrescent moons into a suspension. The nanocre-

Lnoons. 3288"” natl)nocrescr:a_nlt( moon; are r?gtfr; of 300 nm INNer-gcent moons are then collect and placed on a substrate. For the
lameter, nm-bottom-thickness, but with different orientations. .,y enjence of demonstration in SEM, the shown nanocrescent

The scale bars are 100 nm. moons were not subject to dilution in water like the nanocrescent
moons used in our optical experiments. The scale bar is 200 nm.

the circular sharp edge of the nanocrescent moon can havg

a stronger field emitting or “antenna” effelét. (48]
In this paper the gold nanophotonic crescent moons with| g &

sub-10 nm sharp edges as shown in Figure 1c are designe 20

fabricated, and characterized. We observed multiple scat

tering peaks of single gold nanocrescent moons from thg - 15

visible light to NIR region. A 785 nm diode laser excites ”»

the single gold nanocrescent moon, and this excited “hot

spot” is utilized to detect the SERS spectra of Rhodamine i 5

6G (R6G) molecules with the enhancement factor larger thar bt 0

10%, i
The gold nanocrescent moons are fabricated by rotation 5

deposition of a thin gold layer on polymer nanospheres a \

certain angles and subsequent dissolution of the sacrifici W -10

nanosphere templates as shown in Figufé Phough the \ 15

nanocrescent moons with certain dimension are studied herg: | N A

the inner diameter and thickness of nanocrescent moons can

be controlled in the fabrication by choosing the size of Figure 3. Local electric field amplitude distribution of a nano-

P - crescent moon at one of its scattering peak wavelengths (785 nm).
sacrificial nanosphere templates as well as the gold depositior{?, >~ geomety of the nanocrescemgnﬁ’oon " showg - Ehe inse)t

thickness ‘?nd_ anglg. The_ structures of th.e NanoCrescentchematics whereis the inner radiusR is the outer radius, andl
moons maintain their original shape and did not collapse is the center-center distance as shown as two partially overlapping
during the process of dissolving the sacrificial nanosphere circles. For this nanocrescent moens 150 nm, R= 200 nm,d
templates or redistributing on a surface for imaging. = 51 nm. The shown field amplitude is normalized with respect to
Several groups demonstrated significant field enhancing }23 Lr(;c:?er?tt field amplitude. The direction of light incidence is from
effect by nanotip and nanoring in their numerical simulations gn-
and experiment¥.*8Because our nanocrescent moons have
the geometrical features of both nanotip and nanoring on domain is a &im x 6 um rectangle with the low-reflection,
the sharp edge area, we can expect an excellent local field@bsorptive boundary condition applied to all four domain
enhancement from that area. Figure 3 shows the simulatedooundaries. The computational grid is generated using
electric field amplitude on a sharp-edged gold nanocrescenttriangular elements. An adaptive algorithm is employed to
moon (300 nm inner diameter and 100 nm bottom thickness) automatically reduce the element size in areas of rapidly
with a 785 nm NIR laser excitation. To calculate the field changing geometry or material properties. We approximate
enhancement factor, we numerically solve the 2-D Helmholtz the nanocrescent moon structure in 2-D using two circles as
equations using finite element method. The computation depicted in the inset of Figure 3. The sharp tips of the
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Figure 4. Scattering images and spectra of gold nanocrescent moons. (a) True-color dark-field scattering image of gold nanocrescent
moons. The laser excitation is turned off and no optical filter is placed in the optical path when taking this image. (b) B/W dark-field
scattering image of the same nanocrescent moons at near-infrared re@®@n im). The laser excitation is still off while two 797 nm
long-pass optical filters (optical density 6) are placed in the optical path when taking this image. (c) B/W dark-field scattering image of

the same nanocrescent moons with one nanocrescent moon excited by laser. The two optical filters are used. The scakenbiaradl 10

three images and the contrast of each image is scaled individually. (d) Dark-field scattering spectra of the three marked nanocrescent
moons.

500

&

nanocrescent moon are rounded with a radius of 0.25 nm tosimulation for a nanosphere of the similar size within this
avoid computational anomalies. The wavelength-dependentwavelength region.

refractive index of the nanostructures is set to the values of  The nanocrescent moons redistributed on a cleaned glass
bulk gold reported by Johnson and ChristyVe also assume  slide are visualized in the dark-field scattering image (Figure
that the nanocrescent moons are in water in accordance witt4a; note no optical filter is used when taking the true color
the experiments. As shown in Figure 3, the incident wave is image)? Figure 4d shows the measured scattering spectra
polarized transverse magnetic with respect to the nanocre-of the three marked nanocrescent moons in Figure 4a.
scent moon. The effect of retardation is fully realized in the Multiple scattering peaks exist for all the nanocrescent moons
simulations. The enhancement factor is determined from thein the scattering spectra, but only nanocrescent moons 1 and
amplitude ratio between the calculated nanocrescent moon2 have peaks with wavelengths longer than 750 nm. Figure
near-field and the incident field. The sharp edge area (two 4b shows the dark-field scattering image of the same
sharp tips in the two-dimensional simulation) exhibits the nanocrescent moons as shown in Figure 4a, but the image
highest level of field enhancement as expected. At the is taken by a back-illuminated B/W camera (quantum
wavelength of maximum field enhancement, the enhance- efficiency > 95%, Cascade 512B, Roper Scientific, NJ), and
ment factor reaches 10?®. Since the Raman enhancement two 797 nm long-pass optical filters (Omega Filters, VT)
factor is proportional to the fourth power of the field are used. Itis interesting to notice in the 3D surface plots of
amplitude enhancemefitthe Raman enhancement factor of Figure 4a and 4b that the relative ratio of scattering intensities
single gold nanocrescent moon could be up t&' Hd the from three marked nanocrescent moons are different over
shown resonant wavelength. While the nanocrescent moonthe whole white light spectrum (Figure 4a) and in the near-
shows scattering peak within the wavelength region from infrared light region (Figure 4b). The relative intensity ratio
700 to 900 nm, no scattering peaks are found in the also corresponds to their scattering spectra in Figure 4d. For
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example, nanocrescent moon 3 has higher overall intensity 500 =TT T T 7 T T 7 ¥
than nanocrescent moon 2 in the true color image (Figure 1 ’ (a)

4a), whereas nanocrescent moon 3 disappears and nanocif_, 400 |
scent moon 2 stands out in the near-infrared image (Figurd'e
4b). Our simulation results indicate that the common |~ 5504 |
scattering peak near 500 nm is clearly originated from the 2
multipolar excitation of surface plasmon resonance around
the outer periphery. The multiple peaks in the NIR regime,
however, cannot be explained by the multipolar resonancqd @ |
because the intensity of the simulated field along the outeE 1907 Ml% i
periphery is significantly lower than those near the edges 1 {nM REG Ry
and in the hollow cavity and plays little role in resonance. 0. 1 A M =
Considering the high intensity of the electric fields concen- 00 300 R”:r?on S1I12I?t0 m1.‘1‘°° 1800
trated at and near the edges, it is appropriate to attribute th ama [em™]
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peaks to the local plasmon resonances in the edge area ar |z ' T ' '
their interplay. It is worth noting that the local field (b)
enhancement near the sharp edges of nanocrescent moof =200 - Lt L LA e
greatly exceeds the enhancement originated from the samf § ‘ M" l 150185415“3 UB
edges with no cylindrical cavity behind them. Currently | & 1 M M 134
simulation and theoretical investigations are under way tojf S, IWWJMMVW‘WJM & lﬁ
clarify the origin of this phenomenon. 2100

The 785 nm laser excitation light scattered from a single g 60 nm Au nanosphere
gold nanocrescent moon is imaged simultaneously with thg €
scattering light from the white light dark-field illumination i MW.NIV’WWW»WMW&.MJL\LMW% ]
by the back-illuminated B/W camera, to make sure that the| T S S
measured Raman scattering spectrum is from the R6G 600 800 1000 1200 1400 1600
molecules on a single nanocrescent moon. Figure 4c¢ show Raman Shift [cm_]
that nanocrgscent moon 1 is excited b,y the laser .and theFigure 5. SERS spectra of R6G molecules. (a) SERS spectra of
fwhm (full width at half max) of the excitation area is2 different concentrations of R6G molecules adsorbed on a single

um. The white-light illumination is only kept on when nanocrescent moon SERS “hot spot”. Baseline signals are corrected
searching the nanocrescent moons, and it is turned off duringfor all shown spectra. (b) SERS spectra of 1 mM R6G molecules

Raman spectra acquisition. The laser power delivered on the®" single gold nanocrescent moon and 60 nm colloidal nano-

nanocrescent moon is measured using a photometer (New- spheres.

port, CA) to be~0.8 mW. R6G droplet. Characteristic peaks are not found in the spectra
We tested different concentrations of R6G molecules on taken from the areas without nanocrescent moon for all the
the same nanocrescent moons in the following way: first concentrations. For the purpose of comparisefi,nM 60
we marked the position where the imaged nanocrescentnm gold nanospheres (Ted Pella, CA) are cast on a glass
moons are on the glass substrate. Alldroplet of 1 nM slide to form clusters, and 1 mM R6G molecules adsorbed
R6G is then spread on the marked position over an area ofon the nanosphere cluster are detected using the same
about 10 mr With the 785 nm laser excitation, the SERS procedures. No “hot spots” as good as the shown nanocre-
spectra on the chosen single gold nanocrescent moon argcent moons are found for over 30 examined spots on the
taken with a 10-second exposure time and averaged over Snanosphere clusters. Figure 5b shows the comparative Raman
recordings. At this concentration level, no apparent Raman spectra of 1mM R6G on a gold nanocrescent moon and 60
peaks are visible for over 30 examined nano-crescent moonsnm gold nanosphere clusters. The R6G Raman spectra from
Then a 1uL droplet of 1uM R6G is placed on the same the gold nanocrescent moon contains some peaks with
marked position as before. The same nanocrescent moongomparatively higher intensities than those in the spectra
examined previously are found under the dark-field micro- from the nanosphere clusters, and also contains some peaks
scopy and the SERS spectra on those gold nano-crescenthat are not visible in the spectra from the nanosphere
moons are taken again. The Raman peaks are barely seen a@fusters.
this concentration level on some nanocrescent moons. The Some nanocrescent moons exhibit different scattering
same procedures with different concentrations are repeatedspectra and colors as shown in Figure 4, which is possibly
on each of those nanocrescent moons. The SERS spectra adue to the slight difference in their geometries and orienta-
different concentrations of R6G molecules from one of the tions with respect to the incident light. Since the local field
nanocrescent moon “hot spots” are shown in Figure 5a afterenhancement factor is also related to the orientation of the
baseline corrections. Each Raman spectrum measurement iseduced-symmetry gold nanocrescent moons with respect to
done under the same acquisition conditions. The peakthe incident field, it could be higher at special orientations.
intensities increase with the concentration of the added R6GMore study is underway on the precise control of the
droplets and almost saturate after the addition of ABD geometry and orientation of nanocrescent moons.
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In our experiments, we used a NIR laser (785 nm) as the further investigations. The Raman enhancement factor of an
excitation source instead of a green laser (514 nm) usually on-resonance Au nanosphere has been reported t¢& @0
used in other nanosphere-based SERS characteriZdtions using 514 nm laser excitatid.This enhancement factor is
where the scattering peak (plasmon resonance) wavelengthmuch smaller than that obtained from our single on-resonance
is usually around 500600 nm, except the special inter- nanocrescent moon, which is also supported by the simulation
coupled nanospherés?*In addition to thereason of matching  results from us and othetsDue to the interparticle plasmon
the scattering peak wavelength of nanocrescent moons, thecoupling, the plasmon resonance wavelength of a cluster of
near-infrared laser source is more preferable in general Au nanospheres could shift to the range of near-infrared light
bimolecular SERS detection because: (1) it can avoid the and the nanospheres can be on-resonance using an NIR laser
excitation of fluorescence from biomolecules; (2) it has a excitation. As reported before, an 830 nm laser excitation
deeper penetration depth in biological tissues; (3) low photon source was used and a Raman enhancement factot @f
energy of near-infrared laser minimizes photothermal damagewas obtained® However, because of the random pattern of
to biomolecules and cell8We did not observe considerable nanoparticle aggregations, the Raman enhancement factors
fluorescence background, and no “burning” effects are found are very different from place to place on an Au nanosphere
in the sample area for the used laser power. In addition, thecluster. A strong Raman enhancement could be obtained from
choice of the near-infrared excitation ensures that the SERSparticular positions on an Au nanosphere cluster after many
effects we detected are generated from the sharp edge ofrials in an unpredictable way. In contrast, the plasmon
the nanocrescent moon, not the few residue nanospheres ifiesonance of our nanocrescent moon is controllable and
our sample, since a near-infrared laser can hardly inducepredictable because we intentionally design and fabricate it.
scattering peaks or plasmon resonance in nanospheres, whicn the other hand, the Raman enhancement effect of a single
are necessary for the effective near-field energy transfer tonanocrescent moon does not depend on the coupling between
adsorbed moleculeg?2? multiple particles, which makes the single nanocrescent moon

As shown in Figure 5a, &M is the lowest concentration ~ &" individual SERS substrate.

that can be detected on the nanocrescent moon with our The sub-10 nm sharp edge of gold nanophotonic crescent
instruments. Assuming the cross-sectional area of the showr00NS incorporates the advantages of both metallic sharp
nanocrescent moon is about110~7 mm?, there are only 1 nanotips and ultrathin nanorings, and generates local elec-
x 1072° mol (~6000) R6G molecules on a nanocrescent romagnetic field enhancement. The fabrication of uncon-
moon after the uniform distribution of L of 1 uM R6G ve_ntlonal sharp-edged gold nanocrgs_cent moons is accom-
droplet (1 pico mol) on a-10 mn? cross-sectional area, that  Plished by self-assembly of sacrificial nanospheres and
is to say,~6000 R6G molecules can be detected on a single convenﬂona! thin film deposition met'hod. without using
gold nanocrescent modh.According to Nie et af. and e-beam, which allows batch nanofabrication process. We
Kneipp et al§ that the Raman scattering enhancement factor détécted R6G molecules (about 6000 molecules) on a single
is above 18 for the single-molecule single-particle sensitiv-  90!d nanophotonic crescent moon through the NIR laser-
ity, we estimate the Raman enhancement of a single goldinduced SERS spectroscopy, and the estimated Raman

nanocrescent moon could be higher tha®1as a matter ~ enhancement factor is larger than!10Based on the

of fact, the enhancement factor could be higher because everPrésented results, the sharp-edge gold nanophotonic crescent
fewer molecules are distributed close to the sharp edge ared°0NS promise potential uses in ultrasensitive Raman,
of the nanocrescent moon where most of the enhancedb'°m°|eCU|e and cellular imaging, and molecular medicine.
scattering signal is generated.
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be ~100 nm. The shape of nanocrescent moons depends on the x 602 nm? = 1.13 x 1075 mn?. As a conservative assumption, the
deposition thickness, angle, and the size of the sacrificial nanosphere cross-sectional area of the sharp edge is smaller than 1% of the whole
template. The gold-coated colloids were released from the glass nanocrescent moon, that isx110~7 mm? = 100= 1 x 10~° mn?,
support into an aqueous suspension by lift-off with acetone. Next so the relative Raman peak intensity per unit area on the sharp edge
the gold-coated polymer nanospheres were collected by centrifugation of a gold nanocrescent moon can be 1000 times higher than that of
(~5000 rpm, 5-10 min) and were suspended in toluene to dissolve 100 60 nm nanospheres if the total Raman peak intensities from both
the polystyrene. The sample was then centrifuged and washéd 3 the single nano-crescent moon and nanosphere clusters are equivalent.
times in water. The gold nanocrescent moons were collected and The peak intensity at 615 cthon the nanocrescent moon is at least
resuspended in water or ethanol to form diluted colloids that were 100 times larger than that on the nanospheres, so a relative
subsequently dropped on a 10 thick glass substrate for spectrum enhancement factor of aboveSl€an be obtained.
measurement. ) (30) Kneipp, K.; Kneipp, H.; Monoharan, R.; Hanlon, E. B.; ltzkan, |;
Johnson, P. B.; Christy, R. Vijikiitiel$ 1972 6, 4370. Dasari R. R.; Feld, M. SnaimSnasi#esc] 998 52, 1493.
A microscopy system combining dark-field scattering imaging and  (31) Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. e
Raman spectroscopy is used to find “hot spots” and acquire Raman B 2003 107, 668.
scattering spectra of R6G molecules adsorbed on a single gold -
nanocrescent moon. The system consist of a Carl Zeiss Axiovert 200 NLO048232+
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