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Deep-ultraviolet surface plasmon resonance of Al and Al yre/Al2O3sghen
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Ci Xue-Ting(2651%), Wu Bo-Tao(%£1H7%)", Song Min(’K ), Chen Geng-Xu([%:Ek/E),
Liu Yan(%¥] ), WuEGR 1%), and Zeng He-Ping( % Fl1°F)*

State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China
(Received 29 February 2014; revised manuscript received 24 March 2014; published online 23 July 2014)

The localized surface plasmon resonance properties of Al and Algore/AlpO34per; nNanosphere dimers with Al and Al
core nanosphere radii of 20 nm and Al,O3 shell of 2 nm in the deep-ultraviolet region have been studied using the finite
difference time domain method. The extinction spectra and the electric field distribution profiles of the two dimers for
various gap distances between two individual nanospheres are compared with those of the corresponding monomers to
reveal the extent of plasmon coupling. It is found that with the interparticle distance decreasing, a strong plasmon coupling
between two Al or Alcore/Aly O34ne11 Nanospheres is observed accompanied by a significant red shift in the extinction spectra
at the parallel polarization direction of the incident light related to the dimer axis, while for the case of the perpendicular
polarization direction, a weak plasmon coupling arises characterized by a slight blue shift in the extinction spectra. The
electric field distribution profiles show that benefiting from the dielectric Al,O3 shell, the gap distance of Alcore/Al O3ghelr
nanosphere dimers can be tailored to < 1 nm scale and results in a very high electric field enhancement. The estimated
surface-enhanced Raman scattering enhancement factors suggests that the Algore/AlpO3¢pe; Nanosphere dimers with the
gap of < 1 nm gave rise to an enhancement as high as 8.1 x 107 for interparticle gap = 0.5 nm. Our studies reveal that the
Alcore/Al O3ghe Nnanosphere dimers may be promising substrates for surface-enhanced spectroscopy in the deep-ultraviolet
region.
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1. Introduction

Localized surface plasmon resonance (LSPR) in metal-
lic nanostructures originates from the collective oscillation
of free conduction electrons in metal surface when inter-
acting with light, which is highly sensitive to the metal
composition, shape, size, and surrounding environment.[!+2!
Due to the high ability to enhance and concentrate electric
fields down to nanometer scale, LSPR of metallic nanostruc-
tures has a wide range of applications in plasmonic photo-
voltaic cells,®! surface-plasmon enhanced spectroscopies, 8!

9,10] 131 4nd

photochemistry, ! sensing,'121 photodetectors,
quantum optics.!'*'®) Plasmonic properties in these appli-
cations were usually carried out with noble metals Au and
Ag, where LSPR is limited in the visible and near-infrared
(NIR) light regions due to damping in the ultraviolet (UV)
and deep-ultraviolet (DUV) regions caused by the interband
transitions. However, there is an increasing interest in ex-
tending LSPR to the UV and DUV regions. UV and DUV
plasmons have potential advantage in application of Raman
spectroscopy for many organic and inorganic molecules with
small Raman cross sections in the visible and NIR regions,[!”]

as well as many important biomolecules, such as DNA and
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proteins, which have their electronic absorption bands in the
DUV region.[!'8] Furthermore, UV and DUV excitations can
well separate the fluorescence and Raman bands and accord-
ingly lead to a fluorescence-free background, and thus largely
improve the signal-to-noise ratio of Raman spectra.!!!

In order to obtain plasmon resonance in the UV and
DUV regions, many metals, such as Al, Ga, In, Tl, Pb, and
Bi, have been theoretically explored.[zo] Howeyver, to achieve
strong and long-lived UV and DUV plasmons, it is neces-
sary for a metal to have a negative dielectric constant and
a minimal loss coefficient in the UV and DUV regions. Al
is thought to be the best and probably the only choice of
metal that meets this criterion. The LSPR properties of Al
nanostructures as well as their applications in UV and DUV
Raman spectroscopy, enhanced UV fluorescence and nonlin-
ear plasmonics have been demonstrated in several geome-
tries, including spheres, [*!=23! discs,?*>! triangles, 8! and

(21.23.29-311 1t is well known that when metal nanoparti-

rods.
cles are brought in proximity, LSPR in individual particles
couples to each other and forms new optical modes by plas-
mon hybridization.*?! Plasmon coupling has been found to

give rise to a more profound plasmon resonance than that
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in isolated particles. For example, the near-field enhance-
ments in the vicinity of dimers, trimers, and oligomers of
metal particles are much higher than those of the correspond-
ing monomers.3>331 In the case of Al, there has been very
limited literature about the LSPR properties of Al hybridized
nanostructures so far, [?%28.31]

In this paper, we present a theoretical study on the in-
teraction of electromagnetic radiation with Al nanosphere
dimers using the finite difference time domain (FDTD)
method. Dimeric Al nanospheres are constructed by indi-
vidual monomers with a radius of 20 nm. Optical features
of Al spherical dimers with various surface-to-surface dis-
tances, d = 3, 5, 10, 20, 30, and 40 nm are examined in
the DUV region. The simulations are also performed to in-
vestigate the influence of Al,O3 shell formed on the surface
of Al nanospheres due to oxidation in air on the LSPR of
Al nanosphere dimers. Finally, the potential applications of
Alcore/AlpO3gpen Nnanosphere dimers in surface-enhanced Ra-
man scattering (SERS) are evaluated.

2. Theoretical method

Numerical simulations were performed using the FDTD
solutions software (version 8.5, Lumerical Solution, Inc.
Canada). Figure 1 shows the schematic diagrams of the Al
and Alggre/ AloO3ghenr nanosphere dimers performed in the sim-
ulations. In FDTD method, Maxwell’s equations are solved
numerically on discrete grids involving space and time. The
method is based on the Yee algorithm, in which the deriva-
tives involving space and time are replaced by the finite dif-
ferences, and the electric and magnetic fields are evaluated
on grids that are interspersed both in space and time. A di-
electric function €(®) is used to represent the metallic system
Here we use Palik’s bulk dielectric data for Al
and Al,O3 from Ref. [36], and a vacuum is chosen to be the

of interest.

background medium with a refractive index of 1.0. A plane
wave total field-scattered field (TFSF) source with a wave-
length range 100-600 nm is utilized as the incident light beam.
The amplitude of the electric field of the incident light is taken
to be 1.0 V/m. We use a set of power monitors to calculate
the net power flowing into the total and scattered field simula-
tion locations and estimate the absorption and scattering cross
sections. The sum of both the above cross sections gives the
extinction cross section. The electric field distribution in the
vicinity of nanosphere dimers is evaluated using the frequency
domain field profile monitors. We use perfectly matched layer
(PML) absorption boundary conditions as well as symmetric
and anti-symmetric boundary conditions to reduce the mem-
ory requirement and computational time. In all the simula-
tions, a three-dimensional nonuniform meshing is used, and
grid sizes of 0.5 nm and 0.125 nm for interparticle gap > 1 nm
and < 1 nm respectively are chosen for the inside and imme-
diate vicinity of Al or Alcore/Al2O34hen1 nanosphere dimers. To

reduce the simulation error, the careful and systematic conver-
gence tests of the simulation data were performed.

t
R . R N

Al dimer Alcore/AlaOsghen dimer

Fig. 1. (color online) Schematic of Al and Algore/Alp O3hepr Nanosphere
dimers. The R is the Al or Al core nanosphere radius, # is the thickness
of Al,O3 shell, and d is the interparticle distance.

3. Results and discussion

It has been shown that LSPR properties of metal nanos-
tructures were sensitive to their surrounding environment. -]
In our simulation, LSPR peaks of Al and Alcore/AlyO34pel
nanosphere dimers produced a slight red shift of several
nanometers when placed on quartz substrates and exhibited a
large red shift of several tens nanometers when changing the
background medium from vacuum to water. Here, for simplic-
ity we investigated LSPR properties of Al and Alcore/AloO3gpenr
nanosphere dimers without considering substrate effects and
using a vacuum as the background medium. Optical extinction
spectra of spherical Al dimers (with R = 20 nm nanospheres
as the monomers) as a function of the interparticle distance
(d = 3-40 nm) at the parallel and perpendicular polarization
directions of the incident light related to the dimer axis are
shown in Fig. 2. The monomer spectra are also included for
comparison. For the R = 20 nm Al nanosphere monomer,
its extinction spectrum shows a A at about 186 nm with
a shoulder at about 158 nm, which originates from dipole and
quadrupole resonances of Al nanosphere, respectively.?!-23]
It can also be found that the extinction spectra are the same
for the parallel and perpendicular polarization directions due
to its symmetrical shape. For the dimers, an apparent red
shift of the dipole resonance Ay, for the parallel polariza-
tion while a slight blue shift for the perpendicular polarization
with the gap size d decreasing can be clearly seen in com-
parison with the monomer bands. The spectral shifts occur
because the magnitude of plasmon coupling between two indi-
vidual Al nanospheres increases with the decrease of interpar-
ticle distance. Although the R = 20 nm Al nanosphere exhibits
a quadrupole resonance, the extinction spectra for the parallel
polarization in Fig. 2(a) are mainly dominated by the plas-
mon coupling of the dipole resonances from two monomers
due to the weak quadrupole resonances. Therefore the opti-
cal modes in the dimers can still be described using the plas-
mon hybridization model. The dimeric plasmon modes, de-
riving from the eigenmodes belonging to the two individual
monomers can be viewed as bonding and antibonding combi-
nations evolving into lower and higher energies, as shown in
Fig. 3.13%] The different optical responses of bonding and an-
tibonding modes to the polarization of incident light will lead
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to red or blue shifts of the resonance peaks, and the shift ex-
tent depends on the extent of plasmon coupling. In the dimer,
the bonding mode for the parallel polarization excitation gives
rise to a strong plasmon coupling between two monomeric Al
nanospheres and thus leads to a significant red shift. On the
contrary, the slight blue shift for the excitation of antibond-
ing mode at the perpendicular polarization is a result of weak
plasmon coupling. As the gap size d = 40 nm, the extinction
spectra for the parallel and perpendicular polarizations almost
recover that of the monomer, meaning that the plasmon cou-
pling between the two Al nanospheres can be negligible at this
separation and beyond.
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Fig. 2. (color online) Extinction spectra of Al nanosphere dimers de-
pendent on gap distance d for the parallel (a) and perpendicular (b) po-
larizations of the incident light related to the dimer axis.
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Fig. 3. (color online) Schematic of plasmon coupling in Al nanosphere
dimers for the parallel polarization of the incident light.

In the classical electromagnetic coupling regime, the
dipole resonance A, for dimers at the parallel polarization

of the incident light obeys the plasmon rule equation proposed
by El-Sayed and co-workers, ") which is particularly useful
to illustrate the universal scaling behavior of plasmon cou-
pling since this relationship is particle size, shape, metal type
and medium dielectric constant invariant. The ratio of reso-
nance wavelength shift AA to monomer resonance wavelength
Ao follows an exponential dependence on the ratio of interpar-
ticle separation d to particle diameter D given by

AL/2g=Ae WP, (1)

where AL denotes the resonance wavelength shift with respect
to the monomer resonance wavelength Ay, 7 is the decay con-
stant, and A and C are two constants. The simulation extinction
data of the dimer and the corresponding fit to the plasmon rule
equation are shown in Fig. 4. The t value for Al nanosphere
dimers is 0.22 + 0.02, in excellent agreement with those of Au
nanoparticle dimers.3+37!
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Fig. 4. (color online) Experimental fractional plasmon shift versus the

ratio of interparticle gap to nanosphere diameter, which can be fit to a
single exponential decay (solid red curve).

The electric field intensity distribution profiles in the
vicinity of Al nanosphere dimers for various d at their Ay« are
illustrated in Fig. 5 for the parallel polarization of the incident
light. The |E|?/|Eo|? values on the surface of Al nanospheres
at the junctions of the dimers are the highest when d = 3 nm,
and then decreases with the increase of d. Those regions with
enhanced electric field at the junctions are well known as hot

138391 and can be clearly observed from the field con-

spots,
tours in Fig. 5. For the case of the perpendicular polariza-
tion of the incident light, the field profiles at their A,y ex-
hibit a close invariant dependence on the separation distance d
and behave like two isolated monomers rather than as a single
dimer (see Fig. 6), which is due to the weak plasmon coupling
between two Al nanospheres when the incident light polariza-
tion is perpendicular to the dimer axis. Furthermore, it can be
seen apparently that the longitudinal plasmon coupling shows
much stronger in comparison with that of the transverse cou-
pling, and accordingly the electric field intensity for the paral-
lel polarization is much higher than that for the perpendicular
polarization.
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Fig. 5. (color online) Electric field intensity distribution profiles in the vicinity of Al nanosphere dimers at their A ax as a function of
the gap distance d for the parallel polarization of the incident light. (a) Amax = 235 nm, d = 3 nm; (b) Amax = 225 nm, d = 5 nm; (c)
Amax = 210 nm, d = 10 nm; (d) Amax = 197 nm, d = 20 nm; (€) Apmax = 193 nm, d = 30 nm; (f) Amax = 189 nm, d = 40 nm.
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Fig. 6. (color online) Electric field intensity distribution profiles in the vicinity of Al nanosphere dimers at their A, as a function of the
gap distance d for the perpendicular polarization of the incident light. (a) Apmax = 178.5 nm, d = 3 nm; (b) Apax = 178 nm, d = 5 nm; (¢)
Amax = 177.5nm, d = 10 nm; (d) Amax = 176.5 nm, d = 20 nm; (€) Amax = 176.5 nm, d = 30 nm; (f) Aax = 176.5 nm, d = 40 nm.

When Al nanostructures are exposed in the ambient air,
there will be a natural and stable Al,O3 oxidation layer about
2-3 nm forming on the surface,!?!?! which acts as a passive
and protective layer against environmental degradation. To
explore the influence of the oxide layer on the plasmon re-

sponse of Al spherical dimers, we introduced Algore/AlxOsghen
nanosphere dimers in our simulations with the Al core radius
of 20 nm and a fixed Al,O3 shell thickness of 2 nm!227]
but with different gap distances between the two core—shell
nanospheres. The surface-to-surface gap d varies from 0 to
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6 nm, i.e., the surface-to-surface distance between two Al
nanosphere cores varies from 4 nm to 10 nm. The extinction
spectra at the parallel and perpendicular polarizations of the
incident light as a function of the d are shown in Fig. 7. As
earlier seen in Fig. 2, the extinction spectra of Alcore/ AloO3ghent
nanosphere dimers also show a large red shift for the parallel
polarization and a slight blue shift for the perpendicular po-
larization until the d decreases to 0 nm compared with that
of the corresponding monomer. In a metallic dimer system
interacting with the parallel polarization light, it was known
that a red shift of the LSPR band was typically observed while
decreasing the interparticle distance due to the hybridization
of two individual particle plasmons, but a blue shift in the
LSPR band could be observed when electron tunneling effect
or charge transfer plasmon began to be present as further de-
creasing the interparticle distance down to < 1 nm.[4%4!] In
our case, the surface of Al nanospheres is coated with a 2-
nm layer of dielectric Al,O3, which is transparent from the
DUV to visible-light regions.[?>261 Thus, when the interparti-
cle gap between two Algore/Al2O34hen core—shell nanospheres
decreases down to 0 nm, the electron tunneling effect or charge
transfer plasmon still cannot occur because the actual distance
between two metallic Al cores is at least no smaller than 4 nm.
The electric field intensity distribution profiles in the vicinity
of Alcore/Al2O34nen1 nanosphere dimers as a function of the d
at their A, for the parallel polarization of the incident light
are illustrated in Fig. 8. Except the case of d = 0 nm, the
hot spots all arise in the junctions of the dimers along the
dimer axis, and the electric field enhancement factor rapidly
decreases with the gap d increasing. When two core—shell
nanospheres touch (d = 0 nm), the hot spot is not in the junc-
tion along the dimer axis due to the gap absence, while it is
interesting to find that two hot spots symmetrically occur in
the gaps near the touching point of Al,O3 shells along the
perpendicular direction. However, owing to these gaps de-
viating from the junction point, the surface charge accumu-
lation in these gap surfaces may be lower than that in the
junction of core—shell dimer with d = 0.5 nm, and thus the
maximum near field enhancement for core—shell dimer with
d = 0 nm is smaller than that with d = 0.5 nm. Compar-
ing Fig. 5 with Fig. 8, it is also noticed that the electric field
enhancement in Alcore/AlyO34pe; Nanosphere dimers is more
pronounced and efficient than that in Al nanosphere dimers,
even though they have the same distance between two Al metal
nanospheres, such as Al nanosphere dimer with d = 5 nm and
Algore/ Al Osghenp nanosphere dimer with d = 1 nm, which can
be explained as follows. Light enhancement and confinement
in metal dimeric nanostructures is caused by the discontinuity
of the electric field at the gap interfaces.[*?] The refractive in-
dex of Al O3 is higher than that of Al, thus when the gap inter-
face changes from Al-air in Al nanosphere dimer to Al,O3-air

in Algore/Al2 O3¢hen nanosphere dimer the discontinuity of the
electric field at Al,Os—air interfaces becomes larger compared
with that at Al-air interfaces, and concomitantly light enhance-
ment and confinement is increased. Furthermore, as a direct
consequence of the boundary conditions, the dominating field
components normal to the gap interfaces are sizable only in-
side the gap. This means that the achievable field confine-
ment is not limited by the skin depth of the metal, but is solely
determined by the actual size of the gap.[*}! Al,O5 shells re-
duce the gap from 5 nm in Al nanosphere dimer to 1 nm in
Alcore/AlyO3zghen dimer, and thus Alggre/AlpO3ghenr dimer has
a stronger field confinement than Al nanosphere dimer. For
the gap interfaces with high-index contrast and small gap,
Algore/ AlyOsgphen) dimer shows a strong near field enhancement
compared with Al dimer, although they have the same distance
between two Al metal nanospheres. For the perpendicular po-
larization of the incident light, the field profiles at the Apax
exhibit a similar tendency as the case of Al nanosphere dimers
without oxidation layers (Fig. 6). The field profiles have a
close invariant dependence on the separation distance d and
behave as two isolated monomers rather than as a dimer due
to the weak plasmon coupling between two Alcore/AlyO3gpel
core—shell nanospheres (data not shown). In the same way, the
longitudinal plasmon coupling is also much stronger than the

transverse one.
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Fig. 7. (color online) Extinction spectra of Alcore/Al;O3gherr core—shell
nanosphere dimers dependent on gap distance d for the parallel (a) and
perpendicular (b) polarizations of the incident light related to the dimer
axis.
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Fig. 8. (color online) Electric field intensity distribution profiles in the vicinity of Alcore/AlyO35hen core—shell nanosphere dimers at their A max
as a function of the gap distance d for the parallel polarization of the incident light. (a) Amax = 281 nm, d = 0 nm; (b) Apax = 272 nm,
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The interparticle distance in metal dimeric nanostruc-
tures plays a crucial role in obtaining a high electric field
enhancement. It has been reported that controlling < 1 nm
plasmonic gap in metallic dimers was especially important
because the plasmon coupling intensity increased exponen-
tially within this gap distance.[***] However, based on the
quantum mechanical calculations, it was reported that for
the metal dimer separations below 1 nm, electron tunneling
across the dimer junction or charge transfer plasmon can dras-
tically reduce the electric field enhancement relative to clas-
sical predictions.[**7 Benefiting from the dielectric Al,O3
layer, the two nanospheres of the Alcore/AlyO3gpen1 core—shell
nanosphere dimers can approach very close without consider-
ing the electron tunneling effect across the dimer junction or
charge transfer plasmon. Accordingly, the electric field can be
extremely concentrated and localized in a very small volume
by carefully tailoring the interparticle distance, and concomi-
tantly a very high electric field enhancement can be achieved.
As seen in Fig. 8, with the gap decreasing within 1 nm, the
electric field enhancement factor steeply increases, and when
the gap is 0.5 nm an electric field enhancement factor up to
9 x 10? is obtained. Such a high near field enhancement in the
DUV region is very useful for surface-enhanced Raman scat-
tering (SERS), because the SERS enhancement factor approx-
imately has a fourth power dependence on the incident electric
field intensity in SERS scales. The SERS enhancement factors
as a function of the interparticle gap distance at the plasmon
resonance Ap,x are shown in Fig. 9. It is seen that the SERS
enhancement factor rapidly increases when the gap is < 1 nm.
The maximum SERS enhancement factor is about 8.1 x 107
(for gap = 0.5 nm), which is large enough even for single-

molecule level detection. To the best of our knowledge, no
SERS experiments have been carried out on Alggre/AlxOsghen
nanosphere dimers that we report in this manuscript, and we
hope that our study can motivate experiments in this direction.
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Fig. 9. (color online) SERS enhancement factor as a function of inter-
particle gap.

4. Conclusion

In summary, we have investigated optical extinction prop-
erties in the DUV region and electric field intensity distribu-
tion patterns of Al and Alcore/Al2O3gher Nanosphere dimers
using the FDTD method. The Al and Al core nanospheres
in dimers had the same radius of 20 nm and the thickness
of Al;Os3 shell was fixed at 2 nm. It was found that with
the increasing interparticle distance d, the extinction spectra
of the Al and Alcore/Al2O34ner Nanosphere dimers all exhib-
ited a red shift for the parallel polarization and a slight blue
shift for the perpendicular polarization compared with those of
the corresponding monomers. The electric field intensity dis-
tribution patterns revealed that benefiting from the dielectric
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Al O3 shell, the gap distance of Alcore/Al2O3gpepr Nnanosphere
dimers could be tailored to < 1 nm scale and accordingly

very high EF enhancements were obtained compared with

the case of Al nanosphere dimers. The potential application

of Alcore/AlpO34nenn Nanosphere dimers in SERS was evalu-

ated and the maximum SERS enhancement factor was up to

8.1 x 107 (for interparticle gap = 0.5 nm). Our studies prove
that the Algore/ Al Osghent nanosphere dimers have potential ap-
plications in surface-enhanced spectroscopy in the DUV re-
gion, solar cell and UV optical lithography.
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