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Silver-filled carbon nanotubes used as spectroscopic enhancers
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We analyze from a theoretical point of view the optical properties of arrays of carbon nanotubes filled with
silver. Dependence of these properties on the different parameters involved is studied using a transfer matrix
formalism able to work with tensorlike dielectric functions and including the full electromagnetic coupling
between the nanotubes. We find that these structures exhibit very strong linear optical response and hence
could be used as spectroscopic enhancers or chemical sensors in the visible range. Very localized surface
plasmons, created by the electromagnetic interaction between the capped silver cylinders, are responsible for
this enhancing ability. Enhancements of up to 106 in the Raman signal of molecules absorbed on these arrays
could be obtained.@S0163-1829~98!04032-6#
he
e
n
ta

A
ed
led
ls
cu
m
ti
rt
of
en

e
a
m
r
o

s
b

nt
in
d
te
als
be

al
s
.

m-
op-

or-
nce
side
ould
tro-
e.
is

f 4
s,
m
p-

s:

the
ci-
The so-called coinage metals~Au, Ag, and Cu! exhibit
very strong linear and nonlinear optical response when t
are structured on the nanometer scale. Their ability to
hance optical fields has been widely used in the last twe
years to study spectra of several molecules, taking advan
of the surface enhanced raman scattering~SERS! effect.1

This effect appears on suitably rough metal surfaces of
Ag, or Cu and is connected with excitation of very localiz
surface plasmons present in the vicinity of highly coup
metal features.2 However, controlled use of coinage meta
as spectroscopic enhancers has proven to be very diffi
due to the absence of well-defined, stable macroscopic
terials made of them, and various approaches to prepara
of ordered arrays of metal nanoparticles have been repo
only very recently.3 Basically, these techniques consist
capping the nanoparticles with organic molecules of differ
sizes in order to control the interparticle separation.

Carbon nanotube technology is another promising n
area in materials science.4 Multishell nanotubes made of
number of concentric cylinders of planar graphite with dia
eters ranging from 2 to 25 nm and lengths of up to seve
micrometers have now become available. One of the m
interesting applications of these nanometer size tube
linked to their hollow character: carbon nanotubes could
used as nanoscale molds. Filled nanotubes can be sy
sized by capillary action5 or by using composite anodes
the arc discharge,6 resulting in formation of encapsulate
compounds or elongated nanostructures of different ma
als ~carbides, oxides, organic solvents, or even pure met!.
Very recently it has been possible to fill carbon nanotu
with a coinage metal-like silver, using capillary forces.7 On
the other hand, bulk alignment of nanotubes has been
reported using different techniques.8,9 In these ordered array
the carbon nanotubes form very close-packed structures
PRB 580163-1829/98/58~11!/6783~4!/$15.00
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The aim of this paper is to propose a scenario that co
bines both areas of materials science. We investigate the
tical response of arrays of Ag-filled carbon nanotubes in
der to see if the capacity of silver nanostructures to enha
optical fields is retained when they are encapsulated in
carbon nanotubes. If so, these well-defined structures c
have important optical applications as, for example, spec
scopic enhancers or chemical sensors in the visible rang

Our model for an array of Ag-filled carbon nanotubes
displayed in Fig. 1. The tubes are infinitely long in thez
direction and form a periodic structure in thex direction. In
accordance with experimental evidence,7,9 the outer diameter
of the nanotubes is chosen to bedout510 nm and the dis-
tance between them,d, 10.3 nm~close-packed structure!. It
has been reported that only tubes with inner diameters o
nm or more can be filled with silver using capillary force
and the distribution of inner diameters is broad varying fro
4 to 9 nm.7 Bearing this in mind, the diameter of the enca

FIG. 1. Our model of an array of Ag-filled carbon nanotube
the cylinders of outer diameterdout510 nm are infinitely long in the
z direction and are distributed periodically in thex direction with a
separation ofd510.3 nm. The inner core filled with silver will be
varied between 3 and 9.5 nm in our calculations. We study
electromagnetic interaction of this structure with a normally in
dentp-polarized plane wave of momentumk and energyv.
6783 © 1998 The American Physical Society
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sulated silver tubules,din , will be varied in our calculations
between 3 and 9.5 nm, in order to study the dependenc
the optical response of these arrays on the diameter of
inner core. Since the outer diameter of the tubes and
distance between them are fixed, varyingdin changes the
separation between metal nanoparticles.

We consider an electromagneticp-polarized plane wave
of frequencyv and momentumk normally incident on the
structure, and we analyze its interaction with an array
carbon nanotubes. For this polarization, the incidentE field
is perpendicular to the axis of the tubes and surface plasm
of the nanotubes can be excited. In particular, we calcu
the optical reflectance,R(k,v), of these structures and th
possible enhancement of the electric field at various p
tions on the surface. For both quantities we first need
compute the reflection matrices,R̂(k,k8;v), defining scatter-
ing of the incoming wave into outgoing waves of momen
k8. When dealing with materials whose dielectric respon
disperses strongly with frequency, such as graphite and
ver, on-shell methods like the one developed in our grou10

are ideally suited to calculate these matrices. First we fiv
and hencee~v! can be specified. By approximating the co
tinuous fields by their values at a series of discrete points
can construct the EM transfer matrix of our system. T
transfer matrix, relating EM fields at one side of the struct
to those on the other side in they direction, allows us to
calculate transmission and reflection coefficients for an
coming plane wave.10 Once we have these matrices, the
flectance of the surface can be easily calculated:

R~k,v!5(
k8

uR̂~k,k8;v!u2, ~1!

where the sum runs over only propagating outgoing wav
In order to calculate the electric field surrounding the c

bon nanotubes, we first construct the totalE field outside the
surface as a sum of the incident and reflected waves,

Etotal~r ,v!5eik–rEinc~k,v!1(
k8

eik8•rR̂~k,k8;v!E~k8,v!,

~2!

whereEinc(k,v) is the electric field associated with an in
coming plane wave andE(k8,v) is the electric field associ
ated with the outgoing plane wavek8. In this case the sum
runs over both propagating and evanescent waves. The
integrate the EM fields in real space through the system
obtain a detailed picture of the electric field.

As we said above, multishell nanotubes are made of s
eral concentric cylinders of planar graphite. Graphite
highly anisotropic and it is necessary to distinguish two d
ferent components,e i(v) and e'(v), in its dielectric func-
tion for the directions parallel and normal to the axis, resp
tively. When transferring these dielectric functions
cylindrical geometry, for every point (x,y) inside the nano-
tube and outside the inner core we can write down a lo
dielectric tensor,11,12
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D , ~3!

wherer 5Ax21y2. For a point inside the inner core the loc
dielectric tensor is diagonal and equal to the dielectric fu
tion of silver, eAg(v). For the calculations we show in thi
paper we have used the dielectric functions of graph
@e i(v) ande'(v)] and silver@eAg(v)#, as tabulated in Ref
13.

Very recently, an extension of the transfer matrix form
ism described above has been developed,14 which is able to
solve Maxwell equations with tensorlike dielectric functio
like the one present in Eq.~3!. This method has been applie
with success12 to explain the reported optical data of aligne
carbon nanotube films.9 Within this on-shell formalism it is
possible to compute the reflection matrices needed to ca
late the optical reflectance and the electric fields in r
space.

The linear optical response of silver and other coina
metals is dominated by the surface plasmon resonance,vsp.
For a nanometric particle,vsp depends on the plasma fre
quency of the metal, the dielectric surroundings and the p
ticular geometry of the nanostructure. For anisolatedmetal
cylinder in vacuum, the location ofvsp is determined by the
equatione~v!1150 and the surface plasmon has a dipo
character. For the case of a silver cylindervsp53.6 eV.
When nanoparticles are brought into close contact, elec
magnetic coupling between them provokes a shift ofvsp to
lower energies and the dipolar surface plasmon converts
a localized one, trapped in the region between
nanostructures.2 An incident plane wave of appropriate fre
quency can excite this surface plasmon, creating a hugE
field at this location and leading to large reductions in opti
reflectance at this frequency.

In Fig. 2 we show the optical reflectance for frequenc
ranging from 1 to 4 eV, calculated for an array of clos

FIG. 2. Calculated optical reflectance of the structure shown
Fig. 1 for a normally incident photon of frequency ranging from
to 4 eV, and different values of the inner core filled with silver,din .
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FIG. 3. A detailed picture of the totalE field gener-
ated by a normally incident plane wave impinging o
the array of Ag-filled carbon nanotubes of Fig. 1 wi
din58 nm. TheE field is evaluated atv52.5 eV, the
frequency at which the optical reflectance is minimu
for this case. The totalE field is shown for two unit
cells of the array.
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packed carbon nanotubes filled with silver~see Fig. 1!. The
diameter of the inner core,din , is varied between 3 and 9.
nm. As shown in the figure, fordin>5 nm there is a dip in
the frequency dependence of the optical reflectance. This
clear signal that for these values ofdin , the incident photon
is exciting surface plasmons associated with the silver cy
ders filling the nanotubes. Plasmons of carbon are locate
higher energies, 5.2 and 6.2 eV, and cannot be excite
these frequencies.12 Moreover, the shift to lower energies o
vsp as din is increased indicates that encapsulated sil
nanostructures are electromagnetically coupled, their car
shells serving as the medium for this interaction. We n
that the silver surface plasmon is absent whendin is less than
4 nm, just the minimum value ofdin at which a carbon
nanotube can be filled with silver using capillary force7

Another interesting conclusion that can be drawn from lo
ing at this figure is that the shift to lower energies ofvsp is
accompanied by a narrowing of the plasmon linewidth.
narrow linewidth indicates that radiative coupling to t
vacuum of the plasmon is weak, and therefore a huge
hancement of the optical fields is expected for the larg
values ofdin .

It can be shown that for small values ofdin ~5 or 6 nm! the
dip in the frequency dependence of the optical reflectanc
associated with excitation of a dipolar surface plasmon, si
lar to the one present inisolatedsilver cylinders. However,
as the distance between the silver cylinders is reduced,
surface plasmon excited becomes more localized. In Fig
we show a detailed picture of theE field generated by the
incident photon fordin58 nm. We have evaluated the field
at v52.5 eV, the frequency of minimum reflectance for th
case~see Fig. 2!. Clearly the incident radiation is exciting
very localized surface plasmon and the intensity of theE
field is strongly enhanced with respect to the incident o
The electric field within the carbon shell is also large beca
at this range of frequencies carbon behaves effectively
lossy dielectric. It is also worth mentioning that the induc
charge~just the divergence of theE field shown in Fig. 3! is
located not only on the surface of the silver cylinders b
also within the carbon shell. This is due to the tensorl
character of the optical response of graphite that allows
fulfill the condition ¹•( «̂E)50 with ¹•E different from
zero not only at the interfaces but also inside the nanotu
a
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This bulk induced charge reinforces the intensity of theE
field created by excitation of the silver surface plasmon.

These results demonstrate that the ability to enhance
tical fields, inherent to silver nanostructures, is still pres
when they are encapsulated inside carbon nanotubes. H
ever, as the surface plasmon strength depends on the d
eter of the silver inner core, this capability is expected to
very sensitive to this diameter. In order to evaluate this
hancing property quantitatively, and investigate the possi
ity of using these surfaces as SERS active substrates
have calculated the local enhancement of the Raman si
of a molecule absorbed in the region between the nanotu
To a first approximation, this Raman signal depends on
fourth power of the total electric field at the molecule po
tion @E(rm ,v)#, and hence its enhancement due to the pr
ence of the surface is simply

r~rm ,v!5UE~rm ,v!

Einc~v!
U4

, ~4!

where rm represents the location of the molecule, a
Einc(v) is the electric field associated with the incident pla
wave.

In Fig. 4 this enhancement is shown, as a function of
incoming photon energy and for different values ofdin ,
ranging from 5 to 9.5 nm. As expected from dependence
the excited surface plasmon linewidth ondin , enhancement
grows rapidly from 104 for din55 nm to 106 for din59.5 nm.
As din is increased, the induced charge is becoming m
localized and, therefore, theE field in the region between the
nanotubes is larger. This behavior had previously been fo
when studying the optical response of silver nanopartic
deposited on a silver surface.2 For comparison, we show
in the same figure the expected enhancement of the Ra
signal for an array of bare silver cylinders with diameters
9.5 nm, their axis being separated by a distance of 10.3
Due to the lossy characteristics of carbon at this range
frequencies, encapsulated silver nanostructures hav
weaker enhancing capacity with respect to the bare ones
the other hand, in the case of encapsulated tubes the de
dence of the enhancement on the energy of the incom
photon has a less pronounced resonant behavior, an
value is large and practically constant at all frequenc
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within the visible range. This distinctive property of Ag
filled carbon nanotubes might be expected to be usefu
practical applications.

In conclusion, we have investigated the optical respo

FIG. 4. The local enhancement of the Raman signal evaluate
the region between the nanotubes, for different values ofdin and as
a function of the energy of the incoming photon. The same quan
as evaluated for bare Ag cylinders of diameter 9.5 nm and separ
by 10.3 nm, is also shown.
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of carbon nanotubes filled with silver. We have shown how
silver nanostructure’s ability to enhance optical fields is
tained when it is encapsulated inside these tubes. For
largest values of inner core radius, the enhancement of thE
field intensity can be as large as 103. The experimental vi-
ability of building up ordered structures made of these silv
filled carbon tubes could open the possibility of using the
systems as spectroscopic enhancers in the visible range
optical properties of these structures could be tuned by v
ing the diameter of the inner core, carbon shells playing
role of molds that avoid aggregation between the metal na
particles and fix their mutual separation. Standard SER
active surfaces are well known to be difficult to use in
controlled way, and encapsulated nanostructures can
vide, therefore, a novel technique for the preparation of w
defined SERS-active substrates. Moreover, the capabilit
these systems to enhance optical fields can be used not
for spectroscopic purposes: if we shine a laser beam of
propriate frequency into a solution of Ag-filled carbon nan
tubes, van der Waals attraction between the tubes can
greatly photoenhanced and binding into 3D structures of A
filled carbon nanotubes can be facilitated.
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