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Negative index metamaterials based on metal-dielectric nanocomposites

for imaging applications
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Negative index metamaterials are demonstrated based on metal-dielectric nanocomposites prepared
using a versatile bottom-up nanofabrication approach. The method involves the incorporation
of vertically aligned metal nanowires such as Au and Ag inside dielectric aluminum oxide
nanotemplates. Optical absorbance measurements show resonance peaks corresponding to the
transverse and longitudinal surface plasmon modes. A quantitative model based on effective
medium theory is in excellent agreement with experimental data, and points to specific composite
configurations and wavelength regimes where such structures can have applications as negative
refraction media for imaging. © 2008 American Institute of Physics. [DOI: 10.1063/1.2945647]

The development of next-generation optical devices such
as flat lens and superlenses currently hinge on the demon-
stration of nanocomposite materials which will exhibit nega-
tive refraction in the optical wavelength regime.] Recent ad-
vances in nanofabrication both bottom up and top down
clearly point to the feasibility of developing nanocomposites
in various configurations in the near future which will indeed
exhibit the required negative index of refraction. Particularly
promising in this regard is the demonstration of nonlinear
optical properties derived from surface plasmon modes ex-
hibited in metal nanoparticles such as Au and Ag.%6 Com-
bining such metal nanoparticles with dielectrics and fabricat-
ing them appropriately in novel configurations can produce
structures which will exhibit negative index of refraction in
specific visible wavelength re7gimes. Several such structures
are currently being proposed. -

In this paper, we show that a metal nanowire array, such
as Au or Ag, embedded vertically in a dielectric medium,
such as aluminum oxide (see Fig. 1), can exhibit negative
refraction in the visible wavelength regime. Consider such a
metal nanowire array embedded in a dielectric medium. For
such a material, if f is the ratio of metal wire versus dielec-
tric (fill ratio), k=measure of the aspect ratio of nanowires,
g,=permittivity of the dielectric, g, =permittivity of the
wires and e y=effective permittivity of composite structure,
then using effective medium theory,lz’13 one can write

Em ~ Eetf €a~ Eeff

0=f +(1-/) : (1)
&, T KEogt &4+ KEot

For this equation, one has the solution g.(x)

=(A+A’+4ke,e,)/ 2k with A=f(1+k)(e,,—€,)+ KE,—&,,.
The = sign is appropriately chosen to allow for positive
values of the effective permittivity. The transverse and lon-
gitudinal components of the effective permittivity are e
=¢eqq(k) with k~1 and g =g.(k) with k> 1. In the ideal
case of perfectly aligned nanowires, one has &, =g.4(1)
=g.8,/[fe,+(1-1)e,] and g=¢gq4()=f¢,,+(1-f)e,. From
these expressions, it can be shown that there is a minimum
Foin=€a/ (6,~Re &,). For f>fu.. Reg <0 and for f>1,
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Re e, <0. One can determine the fill conditions at which
either Re &;<<0 or Re & <0. The minimum fill ratio f;,
corresponds with a specific A, where Re g=0. This A, is the
longitudinal plasmon resonance which according to the
Drude model is strongly dependent on fill ratio. This model
clearly predicts that for long wavelengths A>\ |, the me-
dium behaves like an indefinite index medium'* with Re g
<0 and Re &, >0. As shown in (Ref. 11), such a medium
can be used as a superlens.

To demonstrate such a negative index metamaterial, we
have used a versatile bottom-up nanofabrication approach to
prepare a high-aspect ratio metal nanowire array embedded
in a dielectric aluminum oxide matrix. Such a metal-
dielectric nanocomposite structure exhibits both longitudinal
and transverse surface plasmon resonance modes in the ab-
sorbance as demonstrated in optical transmission measure-
ments. The peak intensity and position of the resonances are
found to depend strongly on nanocomposite parameters, in-
cident polarization, and incident angle, consistent with mod-
eling results based on the effective medium theory. Negative
refraction and superlens imaging can eventually be realized
in such structures in either parallel or perpendicular orienta-
tions of the incident radiation with respect to axis of the
nanowires.!' However, specific wavelength regimes are dic-
tated by the position of the plasmon modes. Specifically, for
large aspect ratio, length/diameter ~103, of the nanowires
and small filling factors, (metal volume)/(dielectric volume)
~1071, negative refraction can occur at visible and near-
infrared wavelengths. Structures with such parameters are
easily constructed using the present nanofabrication ap-
proach.

The nanowires are synthesized inside nanoporous alumi-
num oxide films making a uniform array of vertical nano-
wires arranged parallel to each other. The fabrication method
allows for the preparation of nanowires with small diameters
(d<10 nm) and large lengths (I>2 um), in effect, nano-
wires with large aspect ratio (I/d~ 10%). The optical absor-
bance is calculated from transmission measurements. The
optical absorbance can be modeled by taking into account
the plasmonic interaction between the metal nanowire and
the aluminum oxide, where the filling factor of the metal
inside the dielectric aluminum oxide and the aspect ratio of
the nanowires are the main fitting parameters.
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FIG. 1. (Color online) Scanning
electron microscopy (SEM) image
showing Au nanowires with diameter

Nanoporous aluminum oxide templates are first gener-
ated by dc anodization of commercially available Al foil in
an acidic electlrolyte.15 The pore diameter of the templates
can be controlled by adjusting the fabrication parameters—
most importantly the acid used and the applied dc voltage. In
this work, templates with two different pore diameters were
fabricated. Templates with pore diameter ~12 nm were fab-
ricated by anodization in 15% sulfuric acid at 10 V and tem-
plates with pore diameter ~35 nm were fabricated by anod-
ization in 3% oxalic acid at 40 V. The pore patterns are
quasiordered and uniform. The time of anodization was ad-
justed to produce templates with large thickness (and corre-
spondingly large pore lengths) ~4 um. Below the porous
layer is a thin barrier layer of aluminum oxide (approxi-
mately tens of nanometers) followed by the remaining unan-
odized aluminum. The nanowires are synthesized inside
the templates by means of ac electrodeposition (20 V,
250 Hz).%'® In the case of Au, an aqueous solution consisting
of HAuCl, (1 g/1) and boric acid (4 g/1) was used as elec-
trolyte. For Ag nanowires, an aqueous solution containing
AgNO; (1 g/1) was used as electrolyte. The unanodized Al
layer below the pores was removed in mercuric chloride so-
lution. This leaves behind a dielectric template consisting of
embedded Au or Ag nanowires. Figure 1 shows typical scan-
ning electron microscopy images of aluminum oxide mem-
brane consisting of ~12 nm pores filled with Au wires. From
the information on the wire dimensions and the pore param-
eters, the fill factors (ratio of metal versus dielectric) were
calculated for the samples. For the wires with diameter
12 nm, the fill ratio ~0.05 while for the wires with diameter
35 nm, the fill ratio is ~0.20. Such templates demonstrate
optical properties which have direct applications in negative
refraction, as discussed below.

10-12 nm (a) embedded inside alu-
mina and (b) sticking out of the alu-
mina. In (b) the SEM image was ob-
tained by etching the template at the
surface. In the actual templates used
in this work, the wires remain em-
bedded inside alumina. (c) Modeling
of a typical nanowire-in-dielectric
nanocomposite.

Transmission spectra for the nanowires with diameter
12 nm are shown in Figs. 2 (for Ag nanowires) and 3 (for Au
nanowires) for varying angles of incidence with respect to
the long-axis of the nanowires. The spectra were obtained
over the wavelength range 300— 1600 nm for varying angles
of incidence (¢) for both P- and S-polarized waves. For the
P-polarized (S-polarized) wave, the magnetic (electric) field
is perpendicular to the wire axis. A Si photodetector was
used for the lower wavelength regime, 300— 1000 nm while
an InGaAs photodetector was used for the higher wavelength
regime, 1000— 1600 nm. The optical absorbance, —In(T), was
computed from the optical transmission (T). The calculated
absorbance as a function of wavelength are also shown in
Figs. 2 and 3.

The important experimental results are now discussed.
For Ag nanowires, the transmission for S-polarized light has
a minimum at ~390 nm, shown in Fig. 2(a) for 12+2 nm
diameter wires. This corresponds to an absorbance peak
seen in Fig. 2(b) arising from the transverse plasmon mode.
This transverse-related feature appears for all angles of
incidence. For this S polarization, the longitudinal plasmon
mode is absent at longer wavelength. On the other hand, the
P-polarized spectra show a clear absorbance peak for the
longitudinal plasmon at 845 nm. The peak is absent at
normal incidence but is observed to become prominent for
increasing angles of incidence. The interaction of the
P-polarized wave with the nanocomposite at small angles of
incidence (close to the normal) is similar to the interaction of
the S-polarized wave with the nanocomposite at all angles of
incidence. This is expected since under these conditions the
polarization axis is perpendicular to the axis of the nanowires
and hence the two polarization directions are equivalent. For
S-polarized waves, the nanocomposite medium is isotropic

Experiments

Ag Nanowires
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e, FIG. 2. (Color online) Transmission (a) and absor-
S, bance (b) spectra for 122 nm diameter Ag nano-
wires in porous alumina for varying angles of inci-
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dence (¢) and with P polarization. The solid curve
is for § polarization and ¢=40°. The feature at
350 nm is an artifact. The nanotemplate is modeled
as consisting of a layer d, of porous alumina with-
out nanowire followed by a layer d, of nanowires
within alumina. This nanotemplate is placed on a
glass substrate of 1.5 mm for optical measurements.
(c) Anisotropic permittivity of the Ag nanowires in
alumina with «, =0.75, =95, and the filling ratio
f=0.055. The dielectric constant of amorphous alu-
mina is taken to be 2.25. (d) Calculated absorbance
of Ag nanotemplate with d;=2.9 um, d,=1.1 pm.
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with positive effective permittivity so that the condition for
the longitudinal resonance is never realized. Hence this peak
is always absent. From the model, this in turn also implies
that negative refraction will not be possible under these con-
ditions. The same explanation holds for the P-polarized
waves close to normal incidence. However, for large angles
of incidence of the P-polarized wave, the electric field oscil-
lations have a component parallel to the wire axis, thus in-
teracting with the longitudinal resonance. Thus, with increas-
ing angle of incidence, the condition for the longitudinal
resonance and consequently that for negative refraction is
also met.

The corresponding modeling results for the anisotropic
permittivity and absorbance are shown in Figs. 2(c) and 2(d).
For the calculations, we have used the same parameters (fill
ratio, aspect ratio, etc.) corresponding to the templates stud-
ied above. Also, optical constants for Ag and aluminum ox-
ide are taken from Ref. 17. Comparing with the experimental
results on absorbance, one notes that there is good agreement
in peak positions and angle dependence. Also, one notes that
for this sample, Re £, <0 for wavelengths A > 1100 nm. Be-
yond this wavelength, it will behave as a negative index
material."!

Similar plasmon resonances are observed for Au nano-
wires with wire diameter 12 =2 nm, as shown in Figs 3(a)
and 3(b). Here the transverse resonance is seen at 500 nm
and is again independent of angle of incidence and polariza-
tion direction. The longitudinal resonance is strongly depen-
dent on the incident angle and observed only for P polariza-
tion. The longitudinal peak is in the range 845—875 nm and
shows a small blueshift for increased angle of incidence. The
corresponding modeling results are shown in Figs. 3(c) and
3(d). As in the case of Ag, the optical constants for Au and
alumina are taken from Ref. 17. The absorbance calculations
are in very good agreement with the experimental results. In
this case, the sample will behave like a negative index me-
dium for wavelength, A > 1450 nm [see Fig. 2(c)].

In conclusion, nanocomposite structures consisting of
very high aspect ratio metal nanowires embedded in dielec-
tric have been demonstrated. Detailed transmission studies
on such structures reveal the presence of two resonance
peaks, the position and peak intensity of which are clearly
dependent on the nanocomposite dimensions, filling ratio
and the angle of incidence and polarization direction. The
results are consistent with a model based on Bruggeman’s
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FIG. 3. (Color online) Transmission (a) and absor-
bance (b) spectra for 12+2 nm diameter Au nano-
wires in porous alumina for varying angles of inci-
dence (¢) and with P polarization. The solid curve
is for S polarization and ¢=40°. The nanotemplate
is modeled as consisting of a layer d; of porous
alumina without nanowire followed by a layer d, of
nanowires within alumina. This nanotemplate is
placed on a glass substrate of 1.5 mm for optical
measurements. (c) Anisotropic permittivity of the
Au nanowires in alumina with «,=0.85, k=60,
and the filling ratio f=0.04. The dielectric constant
of amorphous alumina is taken to be 2.25. (d) Cal-
culated absorbance of Au nanotemplate with d,
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effective medium theory. The nonlocal effect'®!” on effective
permittivity is small and negligible, which is confirmed in
our band structure calculation.'’ The analyses20 based on
Maxwell-Garnett theory failed to predict the window for
negative refraction and superlens imaging. Though direct la-
ser Writing21 can also be used to obtain nanorod arrays, the
simple fabrication approach used in this study is easily ame-
nable to varying wire dimensions, aspect ratio and fill factor
to produce structures which can exhibit negative refraction in
the visible wavelength regime. Such structures also demon-
strate easy compatibility with micro and nanoscale engineer-
ing processes making the development of such devices a fea-
sibility in the near future.
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