Appl Phys B (2010) 100: 93-100
DOI 10.1007/500340-010-4065-2

Applied Physics B

Lasers and Optics

Toward superlensing with metal-dielectric composites

and multilayers

R.B. Nielsen - ML.D. Thoreson - W. Chen - A, Kristensen -
J.M. Hvam . V.M. Shalaev .- A, Boltasseva

Received: 24 April 2010/ Published online: 29 May 2010
© Springer-Verlag 2010

Abstract We report on the fabrication of two types of ad-
Jjustable, near-field superlens designs: metal-dielectric com-
posites and metal—dielectric multilayer filins. We fabricated
a variety of films with different materials, thicknesses and
compositions. These samples were characterized physically
and optically to determine their film composition, quality,
and optical responses. Our results on metal-dielectric com-
posites indicate that although the real part of the effec-
tive permittivity generally follows effective medium the-
ory predictions, the imaginary part does not and substan-
tially higher losses are observed. Going forward, it appears
that multilayer metal-dielectric designs are more suitable
for sub-diffraction imaging applications because they could
provide both tunability and low loss,
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1 Introduction

For a long time it was thought to be fundamentally im-
possible to focus light below the diffraction limit, a para-
digm that changed in the year 2000 with the proposal of a
sub-diffraction superlens by Pendry [1], which was based
on the 1968 paper on negative-index materials by Vese-
lago [2]. Included in Pendry’s proposal was a simplified,
near-field superlens design that requires only a negative per-
mittivity, rather than simultaneously negative permittivity
and permeability. Near-field superlensing was experimen-
tally demonstrated in 2005 by Fang and co-workers [3] and
nearly simultaneously by Melville and Blaikie [4], followed
by others [5]. However, the practical applications of near-
field superlenses are still quite limited, since superlensing
requires that the matching condition el = —&diclectric 18
met [1]. For dispersive materials this limits operation to a
single wavelength for each material system. For the most
commonly used silver—polymer combination, the matching
condition is met at a wavelength of around 365 nm [2-4].
Thus far, no demonstrations have been made of superlens-
ing in the visible or near-infrared regions that have the most
promising applications. Several solutions have been pro-
posed to bring superlensing to these spectral ranges, includ-
ing the use of metal-dielectric composites (MDCs) [6-9]
and multilayer lens structures [10-15].

Multilayer superlens designs have received considerable
attention due to their enhanced resolution as compared to
a single-layer superlens and also due to their relative ro-
bustness to losses. Functioning at the plasmon resonance
of the individual layers leads to subwavelength resolution,
but the large impedance mismatch renders the system im-
practical [16]. The alternating layers of metal and dielec-
tric can also have subwavelength resolution away from the
individual-layer plasmon resonances, which leads to tan-
ability and tolerance to losses along with the possibility of
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impedance matching [17]. The analysis in this regime pro-
ceeds by an effective medium theory and leads to a condition
determined by impedance matching and the isofrequency
curve of bulk propagating waves within the medium rather
than the individual-layer plasmon resonances. The design of
the multilayer superlens involves many subtle issues with
regard to the total number of layers, the choice of the ini-
tial and final layers, individual layer thicknesses, total lens
thickness and also the object itself [18]. Due to the large re-
flections that are inevitable when using a metal-based struc-
ture, the resolution often depends on the coupling between
the object to be imaged and the superlens, hence the design
has to be modified and optimized accordingly [19].

MDCs are materials that consist of a random mixture
of metallic and dielectric particles. Through the use of ei-
ther MDCs or multiple layers, it is possible to tune the su-
perlens operational wavelength for a particular application
simply by altering the volume ratio between the metal and
dielectric components in the composite. By “tunable” here
we mean that the operational wavelength of the superlens
can be selected prior to fabrication. If such a tunable su-
perlens can be achieved, it opens up many promising appli-
cations based on the spatial translation (transfer) of highly
localized, enhanced electromagnetic fields [20-27] created
e.g. by nanoantennas [28-31] to the other side of a super-
lens [32], with possible applications in surface-enhanced
Raman spectroscopy (SERS) [33] or enhanced fluorescence
microscopy [34].

In this paper, we present the results of our studies on the
fabrication and characterization of various MDC films and
multilayer structures. Composite films were fabricated us-
ing two different material combinations and with a variety
of compositions. These films were characterized structurally
by atomic force microscopy (AFM) and scanning electron
microscopy (SEM) imaging. In addition, they were opti-
cally characterized by spectroscopic ellipsometry and far-
field transmission and reflection measurements. The effec-
tive dielectric permittivity of each sample was found by fit-
ting to the experimental results. Furthermore, we determined
the exact composition for many of the films through the
use of energy dispersive x-ray spectroscopy (EDX). Using
the composition information, we then compared our results
to those predicted by an effective medium theory. We also
present results on the fabrication of multilayer structures us-
ing a combination of materials, with the characterization of
these samples involving the same methods as we used for
the MDC films. Finally, we investigated the use of wetting
layers in order to improve the quality of multilayer struc-
tures. The overall goal of our project is to achieve tunable,
or adjustable, optical material properties and to exploit these
properties for superlensing at frequencies in the visible and
near-infrared wavelength ranges.
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2 Methods of tuning the superlens operational
frequency

As mentioned earlier, the superlensing effect depends on
matching the permittivities of the superlens material and its
surrounding host medium, which makes the proper choice
of materials a critical factor in designing a superlens. Given
this limitation, there are three ways of designing a super-
lens with a particular operational wavelength. The most ba-
sic method is choosing a metal-host combination that di-
rectly achieves the matching condition. Some examples of
this situation can be seen in Fig. 1, where we show the real
part of the permittivity for a number of dielectric materials
as well as the permittivity of silver with the opposite sign.
The points of intersection between the silver and each di-
electric indicate wavelengths at which the matching condi-
tion is satisfied. This method can be problematic, however,
since silver is the only metal with low enough loss in the
visible range, and suitable host materials exist only for a few
operational wavelengths. Furthermore, each time the opera-
tional wavelength is changed, a new fabrication process will
have to be developed, which can be quite impractical.

The difficulty and lack of adaptability in using differing
host materials for each new application brings us to the other
two methods that are the focus of this paper: MDCs and mul-
tilayer structures. A schematic of these schemes can be seen
in Fig. 2.

A number of effective medium theories (EMTs) have
been developed to describe various types of composites
[35-39]. As the basis for this study, we chose Bruggeman’s
EMT [39], which predicts that the following relation exists
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Fig. 1 Resonance wavelengths (intersection points) for silver in com-
bination with several dielectric materials within the visible wavelength
range. All permittivities are for bulk materials. The negative of the Ag
real permittivity is shown for easy identification of the resonance inter-
section points
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Fig. 2 Schematic of a random metal-diclectric composite film {top)
and a multilayer system (boftom). Each scheme provides a method of
adjusting the operational wavelength of a superlens

for the permittivity of a two-component mixture of a metal
and a dielectric:
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where subscript m refers to the metal, 4 to the dielectric, and
e to the effective medium. The dimensionality of the system
ts given by the factor 4, The filling factor p is defined as
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Hence, Bruggeman’s EMT predicts that the effective optical
properties of the MDC can be controlled simply by varying
the filling factor of one of the materials in order to achieve
the desired permittivity for a particular application. Com-
bined with the superlens matching condition, this means that
the operational wavelength can be tuned by altering the fill-
ing factor while keeping the same material combination and
host, which greatly simplifies the fabrication process.

For lamellar, multilayered systems such as that shown in
the bottom panel of Fig. 2, the situation is slightly more
complex. These systems can be considered to be uniax-
ial crystals that exhibit a flat hyperbolic dispersion rela-
tion (10, 11]. Multilayered systems have been extensively
studied theoretically, and their lensing and optical proper-
ties have been discussed by a number of authors [11-15].
A metal-dielectric multilayered system with subwavelength
layer thicknesses exhibits an anisotropic permittivity char-
acterized by the flat hyperbolic dispersion function [11]
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where the coordinate directions and materials are identified
in Fig. 2. In superlensing applications, we are interested in
obtaining a system with a parallel permittivity of unity for
impedance matching (g, = &, = 1) and an infinite perpen-
dicular permittivity (¢, — ©0). This is known as the canal-
ization regime [11]. In practice, however, due to losses and
material limitations, both conditions cannot be fulfilled si-
multaneocusly.

Unlike the matching condition for single films, this does
not limit operation to a single wavelength for a given ma-
terial combination, but rather allows the operafional wave-
length to be tuned simply by altering the relative thick-
nesses of the metal and dielectric layers, thus allowing tun-
ability similar to that found for superlenses based on MDC
films.

Another condition for optimizing the performance is the
size of the device [17]. The spatial frequency information
of the object is carried by bulk propagating waves within
the multilayer structure to the output interface. The trans-
fer function characterizes the propagation of waves and also
the final spatial spectrum available for image reconstruction.
Selecting an appropriate thickness which leads to a Fabry—
Perot resonance condition helps to provide a flat transfer
function for the various spatial frequencies. The image at the
output interface is then a faithful reconstruction of the object
with subwavelength resolution. This resonance condition is
not tolerant to deviations, and the stringent restriction is dif-
ficult to achieve in the optical frequency domain [40]. Image
distortions arise due to a transfer function which is not flat
and hence numerical optimization for the size of the device
is the best route to design the multilayer structure.

3 Metal-dielectric composites

In our fabrication of MDC films, we employed two differ-
ent methods, one for each of the dielectrics used. Silver was
used as the metal in both cases, since it has the lowest loss in
the visible range. The dielectrics we used were silicon diox-
ide (Si0y) and zinc oxide (Zn0); these were chosen based
on their permittivities and fabrication compatibilities,

3.1 Ag/ZnO composites

The Ag/ZnO MDC films described in this section were
fabricated in a DC sputtering system. Since the deposition
chamber used had six individually powered sputtering guns,
we were able to perform simultaneous sputtering of both
the silver and zinc oxide materials. This approach creates a
uniform, isotropic film. During sputtering, no substrate bias
or heating was used, and the pressure was kept constant at
5 millitorr. In order to prevent oxidization of the silver, no
oxygen flow was used, so the only gas present in the cham-
ber was the argon plasma. The use of simultaneous sput-
tering meant that the film composition could be controlled
by varying the sputtering power for the individual guns, and
thus changing the deposition rate for each material.

Two different types of Ag/ZnO samples were created for
our studies. One type consisted of thick films (> 100 nm) on
silicon substrates, while the other type consisted of thinner,
35-nm films, deposited on fused silica substrates. The thick

@ Springer




96

R.B. Nielsen et al.

films were made for optical characterization via ellipsome-
try, which simplified the fitting procedures of the ellipsome-
try data because with such a thick film we could assume the
presence of only a single interface, and thus we could de-
termine the bulk optical properties of the film with relative
ease. Furthermore, the larger thickness helped increase the
signal-to-noise ratio in our subsequent EDX characteriza-
tion, and thus we were able to improve the accuracy with
which the composition of the MDC film could be deter-
mined, The thin films on fused silica substrates were used
for optical characterization via far-field transmission and
reflection measurements and also for easy comparisons of
our AFM roughness results to previous papers [2—4]. AFM
characterizations of the Ag/ZnQ MDC films show that the
roughness remains below 1 nm RMS (root mean square) for
filling factors between 0.7 and (.9. The 1-nm RMS rough-
ness value is generally considered a good benchmark for
high-quality metal films and is very similar to what has been
used successfully to demonstrate near-field superlensing in
the past [2-4]. The mean grain size in the films was found
to be very uniform and around 20 nm. For filling factors
either above or below this range, the roughness values in-
crease. It is important to note that the roughness is also sig-
nificantly higher for a filling factor of 1, corresponding to
a pure silver film. This can be explained by considering the
growth mechanism of silver films on a quartz substrate. Sil-
ver has a high surface energy on fused silica, which leads
to island formation rather than wetting. These individual is-
lands grow in size as more metal is deposited until they
merge together to form a complete layer, Such a growth
mode leads to large grain sizes, and thus the film exhibits
high surface roughness. However, silver has a lower surface
energy on ZnQ, and thus the simultaneous deposition of this
material tends to break up the island growth and leads to the
formation of many smaller grains rather than a few large
grains. This can be considered a kind of built-in wetting
layer.

In an attempt to further reduce the roughness, experi-
ments were carried out using a thin germanium layer on
the fused silica substrate, since this has been proven very
effective in reducing roughness for pure silver [12] and sil-
ver/silica multilayers [41]. However, we did not observe this
wetting effect, or a lower roughness, for Ag/ZnO compos-
ites. The roughness was found to be the same both with
and without the presence of a germanium layer. Thus, the
roughness in Ag/ZnO composites appears to be intrinsic to
the growth of the composite itself, rather than being dom-
inated by surface (substrate) interactions as is typically the
case when depositing thin metal films.

The determination of the filling factor by EDX measure-
ments was performed using an FEI Nova 600 NanoSEM and
Oxford INCA software, with the acceleration voltage kept
constant at 10 kV. Since EDX provides data on the atomic
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composition of films, but EMT requires volume composi-
tion, some calculations were needed to convert the EDX
data into a usable form. These calculations were based on
the different lattice parameters of Ag and ZnO, using bulk
parameters. The calculations were based on the amount of
Ag and Zn present, since oxygen might be present in several
different forms, including Si0O; on the surface of the sub-
strate and AgsO in the composite atter exposure to air, and
thus would not provide a direct indication of the amount of
Zn0 present.

With the EDX measurements, we were able to accu-
rately determine the filling factor of the constituent mate-
rials, which proved to be very constant across the entire
sample, with a variation of no more than 1-2% for differ-
ent measurement areas. By looking at the EDX results, and
varying the sputtering powers for each gun accordingly, we
were able to achieve values ranging from 0.55 to 0.88, which
covers nicely our region of interest,

The ellipsometer was rmounted directly on the deposition
chamber, in such a way that measurements could be per-
formed in vacuum conditions. This is critical because the
films degrade in air when no protective layer is present,
which results in a change of their optical properties. The
downside of having an in situ ellipsometer was that it had a
fixed position, so the angle could not be changed between
measurements, ’

Using the eliipsometry measurements we were able to
accuralely fit the optical properties of the fabricated MDC
films. The results, as shown in Fig. 3, confirm that it is possi-
ble to tune the real part of the permittivity over a wide range,
as it was predicted by Bruggeman’s theory. This shows that
using MDCs it is possible to achieve virtually any combina-
tion of permittivity and wavelength one desires, and opens
up the possibility of creating a superlens with an operational
frequency anywhere in the visible wavelength range. For the
loss, the situation is different, and all the fabricated films
have losses far higher than pure silver. The general trend is
that a lower filling factor is associated with higher loss.

3.2 Ag/SiO; composites

Ag/Si0; MDC films of various thicknesses and composi-
tions were deposited on glass substrates (microscope slides)
at room temperature. For this purpose we used both an
RF/DC sputtering system and an E-beam evaporations sys-
tem, Shortly before the evaporation process, the glass sub-
strates were submerged in a piranha (Hy0:2H,S04) bath
for 20 minutes and were then washed with water. The sub-
strates were then rinsed multiple times with acetone and iso-
propanol and finally dried with gaseous nitrogen. The ini-
tial pressure in the sputtering chamber was approximately
1078 torr. Silver and silicon dioxide layers were deposited
in very thin, alternating layers during the same evaporatioi
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Fig. 3 Fitted real part of the permittivity of Ag/ZnO composite films with varying filling factors. By adjusting the metal filling factor, it is possible

to tune the permittivity over a wide range of values

process, and the substrates were rotated at a few revolutions
per minute during the deposition process to ensure uniform
material coverage. Due to the extremely small amount of
material deposited in each sublayer, the overall film is a
composite structure resembling a random mixture of metal
and dielectric.

The fabricated films were characterized using AFM, far-
field spectral measurements and spectroscopic ellipsome-
try. The AFM measurements were performed using a Veeco
NanoMan system AFM in tapping mode with standard sili-
con tips, a scan size of 2 x 2 um, and a scan rate of 1 Hz.
The spectroscopic ellipsometry measurements of the films
were obtained using a J.A. Wollam V-VASE system in the
0.3-1.7 pm- range and at several angles of incidence. The
far-field transmittance spectra of the films at normal inci-
dence were measured with a Lambda 950 spectrophotome-
ter (Perkin Elmer) in the 0.3-2.5 um wavelength range. The
reflectance spectra of the films were measured at 8° inci-
dence in the 0.3-2.5 pm wavelength range using a 150-mm
integrating sphere accessory and the spectrophotometer. The
wavelength step size for both transmittance and reflectance
measurements was set at 5 nm. The experimental curve was
obtained by performing a point-by-point fit of the ellipsom-
etry data for the sample.

We fabricated several composite films with varying layer
numbers and thicknesses in order to investigate whether
EMT would correctly predict the optical responses of the
films, Three such films are shown in Fig. 4, where represen-
tative SEM images are shown along with measured far-field
spectra for each sample. The total film thicknesses and metal

filling factors were kept constant at 47 nm and 65% for the
three films shown in the figure, and hence EMT predicts that
the films should exhibit the same optical responses. How-
ever, the measured far-field spectral responses are clearly
different for the three films, and the SEM images show dif-
fering structures of the films as well. Hence, this is a sign
that the EMT is not completely accurate for these composite
films.

3.3 Comparison with effective medium theory

When comparing our fitted values of the permittivity with
those found from EMT, it is clear that a more comprehen-
sive theory is needed. The real part of the permittivity is rea-
sonably close to that expected from theory, but the loss is far
higher and the absorption band predicted by EMT is not evi-
dent. An example of this can be seen in Fig. 5, which shows
data for two different MDC films, one based on Ag/ZnO
and one based on Ag/SiO2. The behavior for the two films
is seen to be very similar quantitatively, which indicates that
the deviation from EMT is not unique, and indeed all fab-
ricated films deviated substantially from EMT in the imagi-
nary part of permittivity.

The cause for this deviation from EMT can be ascribed to
a number of things, though they all share a common theme:
EMT is too simplified to accurately predict the behavior of
these complex structures. Thus a more comprehensive the-
ory is needed, which takes into account factors like particle
size and shape, interparticle resonances and film uniformity.
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Fig. 4 SEM images of Ag/SiO, composite near-field superlens prototypes and their associated far-field spectral measurements. For all films, the
thickness is 47 nm and the silver volume ratio is 65%. EMT predicts that these films should show the same effective behavior
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perimental films. Experimental data are shown in solid lines, while
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shown: one is a 67% Ag/SiOa, the other is an 88% Ag/ZnO film
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Fig. 6 Measured and simulated far-field spectral responses for (10 nm Ag/l1 nm Ge/10 nm SiO3); lamellar composite film. The solid lines
represent the experimental results, while the dashed lines represent the simulation results. (Adapted from [41])

4 Multilayer structures

In addition to composites, we started to study lamellar, mul-
tilayer metal-dielectric systems, as shown schematically in
Fig. 2 (bottom). Previous work has shown that the “devil is
in the details” when it comes to the fabrication of a useful
multilayered superlens design. In particular, the interfaces
between the metal and dielectric layers must be sufficiently
smooth in order to reduce the scattering loss in the system.
This then imposes a roughness restriction on the interface.
A roughness of about I nm RMS or lower is necessary for
good performance in bulk silver superlensing [3], and we
use the same metric in our work as a goal for interface
roughness. The metal sublayer thickness is another critical
parameter for multilayer superlenses. If the total thickness is
kept fixed, a superlens with a smaller metal sublayer thick-
ness provides better superlensing performance [15]. Our
previous work [41] has shown that it is possible to obtain
a low final roughness and small metal sublayer thicknesses
for multilayered silver and silica films by including a very
thin Ge wetting layer with each metal/dielectric layer pair.
The final roughness of such multilayer films was found to be
around 0.3-0.7 nm. Those results also indicate that a contin-
uous silver sublayer was achievable for thicknesses of 5.5
nm or larger when a Ge wetting layer was used. Such a de-
sign shows reliable, predictable optical properties, as seen

in Fig. 6. In Ag/ZnO multilayer systems, we have found that
the Ge wetting layer is not necessary and a low final rough-
ness is achieved only through careful fabrication.

In addition to the Ag/SiO; multilayer structures, some
Ag/Zn0O multilayer samples were also fabricated. This was
done in order to investigate if the roughness could be kept
low enough without having to use a Ge wetting layer and
to provide another option in designing a frequency tunable
superlens. The Ag/ZnO stacks all contained 40 nm of silver,
and 30-40 nm of ZnO, which was divided into 3-9 layers.
All these multilayer structures were made with ZnO cap-
ping layers on top and bottom, so as to maintain a sym-
metric environment. The resulting roughness was found to
be 0.9-1.2 nm RMS, depending on the number of layers.
Far-field optical characterization was carried out on these
films, which displayed optical responses very similar to the
Ag/Si0; film shown in Fig. 6.

5 Conclusion

We have demonstrated the fabrication of two types of mate-
rial systems suitable for the creation of a tunable superlens
in the forms of metal-dielectric composite films and mul-
tilayer stacks. We fabricated and characterized a large vari-
ety of both types of structures, varying both materials and

@ Springer




100

R.B. Nielsen et al.

compoaosition. This was done in order to investigate both the
structural and the optical properties of such films. Our re-
sults show that the film composition can be controlled accu-
rately, and that the film roughness can be kept within accept-
able limits in order to minimize loss. Optically, both types
of film structures offer the ability to tune the real part of the
permittivity and thus the operational wavelength of the su-
perlens. For the composite films, however, the optical losses
far exceed the theoretical predictions, which underlines the
need for a more comprehensive theory and leaves us to con-
clude that the multilayer approach currently offers the best
solution.
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