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Multilayered metal core-shell nanostructures for inducing a large and tunable local optical field
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We examine the near-field optical properties of multilayered metal core-shell sphere nanostructures by
extending the Mie theory, and demonstrate that the local-field enhancement can be increased by adding new
metal shells. A local intensity enhancement of more than 10° times can be obtained in the cavity between the
Ag core and the innermost Ag shell for proper configurations of multilayered Ag core-shell spheres. The high
enhancement can be tuned from the red to the infrared region by varying the configurations of the core-shell

nanostructures.
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The large field enhancement of metallic nanostructures is
an intriguing phenomenon, which is a key feature of the
surface-enhanced spectroscopy.'™* The metallic nanostruc-
tures for this purpose include mainly metal nanoparticles, '
metal nanoshells,’ metal nanorings,6 roughened metal
surfaces,” and metal nanogratings.” Amongst these, the metal
nanoparticles have been most intensively studied. The large
field enhancement of metal nanoparticle aggregates can al-
low single-molecule detection using surface-enhanced
Raman scattering (SERS).* The local intensity enhancement
M=|E,,./E|* in the interstitial sites of the aggregates can
reach more than 10° times for a short interparticle separation
down to 1 nm, while the electromagnetic part of the SERS
enhancement factor G~ M? can reach to 10'” times by taking
into account both the illumination channel and the scattering
channel .®

Metal nanoshells have also received a lot of attention
recently.>*~12 Most related studies were about the optical far
field, such as absorption and extinction spectra. The tunable
absorption from the visible to the infrared regions is ex-
tremely remarkable.> Recent experiments have demon-
strated that the wavelength selective absorption of metal
nanoshells can be applied in cancer therapy.'® The local field
enhancement of single metal nanoshells was also reported,
but it is much weaker than the aggregates of metal
nanoparticles.'!2

In this paper, we investigate the optical near-field of mul-
tilayered metal core-shell sphere nanostructures. Although
the optical far-field of the plasmon response of metal multi-
shell nanostructures has been investigated, there is no obvi-
ous way to deduct the information of the local-field enhance-
ment from such a study.'> For a single metal shell, the
surface plasmon resonances (SPRs) of both the inner and
outer surfaces can enhance the local field significantly inside
the shell.'* The metal shell can be treated as an effective
optical condenser. For a multilayered metal core-shell nano-
structure, the large field enhancement can be obtained as the
result of the collective coupling of surface plasmons of the
metal core and the metal shells. A simple illustration is that
the multilayered metal shells can act as a group of effective
optical condensers to focus the incident light toward the geo-
metric center multiplicatively. The intense focused light will
then excite the surface plasmon of the metal core and induce
an extremely large local-field enhancement in the cavity be-
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tween the metal core and the innermost metal shell.

The model system is composed of a metal spherical core
and a number of concentric metal spherical shells separated
by dielectric materials (dielectric shells). The extended Mie
theory is applied to calculate the intensity enhancement M
=|E,,./Eo>. By extending the Mie theory,'> the electromag-
netic field in the core (denoted as the zeroth layer), the first
layer to the Sth layer and the surrounding medium [denoted
as the (S+ 1)th layer] of a multilayered core-shell sphere with
S coating layers can be expressed as
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where CM,,, and CN,,, are the expansion coefficients of the
incident plane wave to the vector spherical harmonics M
and N} . and the superscript 1 and 3 represent the Bessel and
Hankel forms, respectively. In principle, the scattering coef-
ficients @) ,b), and the penetrating coefficients ¢} ,d’ of each
layer can be obtained by the recurrence algorithms to solve
the Maxwell boundary conditions.'6~!° In order to avoid the
tedious process of the recurrence algorithms, the scattering

and penetrating coefficients are deduced directly here:
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and the initial conditions ¢3*'=1 and @>*'=1. The set of U
and V are defined as
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The Riccati-Bessel functions zp”(z)=zjn(z),fn(z)=zhfll)(z),
and xs=ks+1rsvys=ksr3?Ks=ks+1/ks’ 77s=lu‘s+1/1us’ where ks is
the absolute value of the wave vector, u, is the magnetic
permeability, and r, is the radius of the outer surface of the
sth layer.

Since electron-surface collisions in a thin metal shell dra-
matically shorten the electron mean-free path and cause an
extra damping to the displacement of conducting electrons,
the dielectric function of a thin metal shell should be modi-
fied from that of the bulk metal.” To get the modified dielec-
tric function, it is important to determine the electron mean-
free path X of electron-surface collisions precisely.?’

Figure 1 shows the local intensity enhancement factor M
for different Ag core-shell spheres. The dielectric shells in
Ag core-shell nanostructures have the same dielectric con-
stant n=1.45. For convenience, the metal shells are denoted
by subscripts of even numbers, while the dielectric shells by
odd numbers. The host medium is a nonabsorbing material
with a dielectric constant n;,=1. For a comparison, the spatial
distribution of the local intensity enhancement M of a bare
Ag sphere is shown in Fig. 1(a). The maximum M=176 at
the resonant wavelength A=358 nm. In Fig. 1(b), one Ag
shell is added to the bare sphere in Fig. 1(a) with a separation
to the metal core d;=2 nm. The maximum enhancement M
=776 in the cavity between the metal core and the metal
shell at the favorite wavelength A=690 nm. This maximum
enhancement factor is about 4.5 times larger than for the bare
Ag core in Fig. 1(a). In Fig. 1(c), one more metal shell is
added to the core-shell particle in Fig. 1(b). The maximum
enhancement M=3.1 X 103, which is about four times more
than in Fig. 1(b). With more Ag shells in Fig. 1(d) (three
metal shells) and in Fig. 1(e) (four metal shells), the local
intensity in the cavity between the metal core and the inner-
most metal shell is enhanced more and more. The maximum
enhancement in Fig. 1(e) becomes M=4X10* which is
scaled as ~4* times more than the bare Ag sphere. This
indicates that the multilayered metal shells do indeed act as a
group of optical condensers to focus light multiplicatively,
and the local intensity enhancement increases exponentially
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with the power of the numbers of metal shells.

With even more additional shells, however, the increase
of the enhancement can be reduced as the result of the in-
creased absorption with the increase of the total metal thick-
ness. For example, when a fifth metal shell (the thickness
dip=8 nm and the separation dy=75 nm) is added to Fig.
1(e), a slightly higher enhancement M=4.6 X 10* is obtained.
But the increase is not as significant as the former additional
metal shells. A sixth additional metal shell eventually de-
creases the enhancement below the value in Fig. 1(e).

A further enhancement can be obtained by optimizing the
size of the core, the thicknesses of the metal shells and the
separations between them. For d;=2 nm, the optimized en-
hancement M =6 X 10* for a four-Ag-shell core-shell sphere.
However, the more efficient way is to reduce d; to increase
the surface plasmon coupling of the metal core and the in-
nermost metal shell, where M ~ 1/d,? in the cavity. In Fig.
1(f), d, is reduced to 1 nm from Fig. 1(e), and a much higher
enhancement is obtained. The maximum enhancement M
=1.2X 10°. Such a high enhancement is caused by the redis-
tribution of the electromagnetic field focused by metal shells
multiplicatively to a very small region. To average over the
whole enhancement in Fig. 1(f), the mean enhancement is
about 88 times, which is quite comparable to the enhance-
ment of single-component metal particles.

It should be also noted that such a high enhancement is
not a singularity for a certain core-shell sphere nanostructure.
A similar enhancement over 10° times for d,=1 nm can be
easily obtained by varying the thicknesses (2-10 nm) of
metal shells and the separations (10~100 nm) between them.
Usually, too thin or too thick metal shells do not benefit the
field enhancement. For thin metal shells, the damping due to
electron-surface collisions broadens the SPR peak and de-
creases the field enhancement. For thick metal shells, how-
ever, the large absorption also diminishes the field enhance-
ment. Too large separations between metal shells, which
decouple their SPRs, do not benefit the enhancement either.

For metal nanoparticle aggregates, such a high enhance-
ment over 10° times is also possible at the same interparticle
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FIG. 1. (Color) Spatial distribution of the local intensity en-
hancement M in a logarithmic scale (colored) in the plane through
the symmetrical center of the core-shell sphere nanostructures and
parallel to the incident polarization E and the wave vector k for (a)
a bare Ag sphere, (b) the same core but with one Ag shell, (c) with
an additional Ag shell enclosing the core-shell nanostructure of (b),
(d) with a third Ag shell enclosing the core-shell nanostructure of
(c), (e) with a fourth Ag shell enclosing the core-shell nanostructure
of (d). The radius ry=10 nm. The thicknesses of the Ag shells are
dy=10 nm,d,;=5 nm,dg=5 nm and dg=5 nm for the first to the
fourth Ag shell respectively. The corresponding separations be-
tween the core and the innermost Ag shell and the neighboring
shells are d;=2 nm,d;=5 nm,ds=25 nm, and d;=40 nm, respec-
tively. (f) shows the case same as (e) but with d;=1 nm. The inci-
dent wavelength \ for (a)—(f) is 358, 690, 664, 665, 678, and 888
nm, respectively. (g) M at the point rd=0.25 nm away from the
surface of the Ag core along the direction of the incident polariza-
tion versus the incident wavelength for (a)—(f) (the solid lines). The
discrete lines show M at the same point for the outermost Ag shells
only of (b)—(e) from the left to the right, respectively. The filled
dielectric medium is the same.
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FIG. 2. (Color online) The local intensity enhancement M vs the
incident wavelength \ for a four-Ag-shell sphere nanostructure (a)
without and (b) with the consideration of electron-surface colli-
sions, (c) a single-Ag-shell sphere with the consideration of
electron-surface collisions. The thickness of the first Ag shell varies
as dy=1, 2, 3, 4, 5 nm the Ag core ry=>5 nm, and the separation
dy=1 nm for all the cases. In (a) and (b), the other separations d3
=20 nm,ds=25 nm,d;=40 nm, and the thicknesses of the other Ag
shells d4=3 nm,d¢=3 nm,dg=4 nm.

separation d=1 nm.® But the pointlike “hot” volumes in the
interstices of aggregates are much smaller than in metal core-
shell nanostructures. In Fig. 1(f), the hot volume includes
almost the whole cavity between the metal core and the in-
nermost metal shell, except for the smaller equator part
which is perpendicular to the incident polarization. Therefore
for a similar enhancement factor, the multilayered metal
core-shell nanostructures can supply larger hot volumes than
the metal nanoparticle aggregates. Moreover, the local-field
enhancement in metal core-shell spheres are independent of
the incident polarization due to the high spherical symme-
tries, while a strong polarization dependency was observed
in the metal nanoparticle aggregates.”'?>

As indicated in Fig. 1(g), the SPR couplings of the metal
core and the metal shells are very complex. There is no exact
analytical solution to obtain the field enhancement. The reso-
nance peaks of the metal core-shell spheres (the colored
lines) are not simply overlaps of the single metal core (the
black solid line) and the single metal shells (the discrete
lines), but with new peaks due to the strong core-shell and
shell-shell interactions. Some general rules, however, may be
still helpful to obtain the high enhancement. For example, in
order to maintain a high enhancement obtained in a certain
configuration of core-shell nanostructure, the increase of the
thickness of a metal shell which results in a blueshift of the
SPR usually needs a compensation of the increase of the
shell radius which results in a redshift of the SPR, and vice
versa.
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FIG. 3. (Color online) The local intensity enhancement M vs the
incident wavelength A for a four-Ag-shell sphere nanostructure with
the separation d; between the two innermost Ag shells varying from
2 to 20 nm (increasing in steps of 1 nm). The radius of the Ag core
ro=10 nm. The other separations d;=1 nm,ds=35 nm, and d;
=60 nm. The thicknesses of the Ag shells d,=6 nm,d,;=3 nm,d,
=4 nm, and dg=5 nm.

For thin metal shells, it is known that electron-surface
collisions can dramatically broaden and reduce the absorp-
tion peak.’ In the optical near field, such broadening effect to
reduce the local field enhancement becomes even more dra-
matic. Figure 2 compares the cases with and without the
consideration of electron-surface collisions. With the broad-
ening effect, the overall peak enhancement in Fig. 2(b) will
be about two orders less than without the broadening effect
in Fig. 2(a). In the case a very thin metal shell d,=1nm, the
strong broadening effect can reduce the peak enhancement
more than three orders.

For the suitable separations between metal shells, the
resonance wavelengths of multilayered metal core-shell
spheres are mainly determined by the SPRs of the metal core
and the innermost metal shell. Comparing Fig. 2(b) to the
case of a single-Ag-shell core-shell sphere in Fig. 2(c), ex-
cept for the enhancement factor, the resonance wavelength
for the same d, in Fig. 2(b) is quite similar, except for a
slight redshift which is caused by the retardation of the trans-
mitted light through the metal shells. The peak wavelength
can be tuned from the infrared to the red regions by increas-
ing the thickness of the innermost metal shell d, from 1 nm
to 5 nm.
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When neighboring metal shells in a multilayered core-
shell nanostructure are very close to each other, the resonant
peak starts to split. Figure 3 shows such a case for a four-
Ag-shell sphere with a varying separation between the first
and the second Ag shell d;. When dj is less than ~7 nm, the
splitting of the resonance peak is quite clear. A smaller sepa-
ration dj causes a larger splitting. With the increase of ds, the
split peaks gradually merge to a main peak. The splitting
effect can be understood by the “hybridizations” of the SPRs
of the neighboring metal shells, which results in the bonding
and antibonding energy levels.? For a larger separation, the-
ses two energy levers are degenerated. It is notable that the
splitting diminishes the field enhancement, while the merg-
ing gives a higher enhancement which is attributed to both
the bonding and the antibonding resonances.

Finally, the preceding results about the extremely large
field enhancement and its tunability for multilayered metal
core-shell nanostructures may imply the potential applica-
tions in single-molecule surface-enhanced spectroscopy.
With the wavelength selective enhancement, multichannel
detections can be possible. It would be more promising if
multilayered metal core-shell nanoparticles substitutes
single-layered metallodielectric core/shell nanoparticles for
cancer therapy'® and for spectroscopic tags.”

In summary, we have investigated the near-field optical
properties of multilayered metal core-shell sphere nanostruc-
tures by extending the Mie theory. We show that the multi-
layered metal shells can act as a group of optical condensers
to focus light multiplicatively. The extremely large local in-
tensity enhancement over 103 times can be obtained in the
cavity between the Ag core and the innermost Ag shell for
proper configurations of multilayered core-shell spheres. The
strong core-shell and shell-shell interactions determine the
peak wavelengths and enhancement. The high enhancement
can be tuned from the red to the infrared regions by varying
the configurations of the core-shell nanostructures.
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