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Abstract: This work is concerned with challenges in optimizing optical metamaterials with a negative effec-
tive permeability and a negative effective permittivity (double-negative metamaterials, DNM). We demon-
strate the huge importance of linking the fabrication parameters and the results of optical and structural charac-
terization of fabricated prototypes with a given optimal design environment. Specifically, the role of material
deposition rate in the performance of optical plasmonic metamaterials is studied. Initially, simpler prototype
samples with a negative effective permeability in the visible range have been optimized and subsequently fab-
ricated using different material deposition rates in an electron beam evaporation system. A lower deposition
rate resulted in a better quality metallic surface and consequently a lower loss. To simulate the effect of metal-
lic surface roughness, an adjustment of the complex permittivity for silver is performed in each sample by fit-
ting the transmission and reflection spectra. The adjustment is introduced by a wavelength-dependent ‘loss-
factor’ for the imaginary part of bulk metal permittivity. An averaged constant loss-factor is chosen for the best
available fabrication technique and is used in the optimal design of DNM prototypes. A fabricated DNM sam-
ple is in good agreement with the results of the pre-fabrication optimization. The sample is double-negative for
wavelengths between 805 and 815 nm with a real part of refractive index of about -1.0 at 813 nm, while the
ratio -Re(n)/Im(n) reaches a maximum value of close to 1.3 at that wavelength.

Keywords: double-negative metamaterial, negative index metamaterial, negative refraction.
1. Introduction

Optical negative index metamaterials (NIMs) are artificially engineered metal-dielectric composites that
exhibit n’ < 0 within a certain range of wavelengths'. The magnetic resonant behavior should be ob-
served in NIMs at this range, since this is always required to make the real part of the effective refractive

index negative, either through the strong (sufficient) condition p’ < 0 and ¢’ < 0, or through a more

ron r_n

general necessary condition &'u” + p'e” < 0. The general condition strictly implies that there is no nega-

tive refraction effect in a passive metamaterial with ¢ = 1+ 0. . We note that the ratio fn’/ n” is often

taken as a figure of merit (FOM) for optimizing NIMs performance, since low-loss NIMs are desired. The
FOM can be rewritten as —(|pule’ +1eip’) / (|p|e” +1e1p”), indicating that a double-negative metamate-

rial (DNM) with p/ < 0 and ¢’ < 0 is better than a NIM with the same n’ < 0, but with p' > 0.

In recent years, the area of optimal (inverse) designs of optical metamaterials has rapidly grown in impor-
tance. In the design of double-negative metamaterials (DNMs), the optimization approaches are mainly
focused on the best layouts for sub-wavelength-scale lamellar metal-dielectric structures. The key part of
designing DNMs is obtaining the maximum resonant negative magnetic response (negative effective per-
meability) from the periodic nanoscale elements while simultaneously providing the required negative
permittivity.

" A general notation @ = a’ + 1a” for any complex number a is used in this paper.

943



23rd Annual Review of Progressin Applied Computational Electromagnetics March 19-23, 2007 - Verona, Italy ©2007 ACES

Interest in the inverse design of optical DNMs has also increased greatly due to recent deterministic
fabrication techniques that can create required nanoscale plasmonic elements reproducibly. This interest
in the inverse design of optical metamaterials has been strongly influenced by nature-inspired approaches
to stochastic optimization. Counter to the genetic algorithm (GA) [1] - [3], which is an established opti-
mization method built on the principles of survival-of-the-fittest in simulated genetic evolution, the
swarm intelligence (or the particle swarm optimization, PSO) is a relatively new stochastic optimization
technique [4]. In contrast to GA, where the driving force is competition, PSO is driven by cooperation [5],
[6]. Details of GA and PSO optimization of NIMs performed in collaboration with Prof. D. Werner’s
group (Penn State University, USA) will be discussed elsewhere. This work does not cover a new optimi-
zation technique or an application of traditional optimization methods to designing new DNMs. Instead
we emphasize the huge importance of feedback data coming from actual fabrication processes. To intro-
duce design-specific and fabrication-specific adjustments to our optimization techniques, we seek to cap-
ture the critical manufacturing parameters by monitoring changes in optical properties of actual proto-
types produced under differing conditions. Thus, we emphasize the significance of linking the fabrication
parameters and the results of optical and structural characterization of DNM prototypes with a given op-
timal design environment.

Along with the challenges of fabricating nanoscale structures using electron beam lithography (EBL),
losses in metallic elements also limit the practical applications of DNMs in optics. Although silver has
been already selected for the metallic elements in our DNM prototypes because of its low loss, the surface
roughness of silver-dielectric interfaces, unfortunately unavoidable in EBL, adds even more difficulties.
Similar to losses in bulk silver, the roughness-induced loss enhancement is also wavelength dependent. In
contrast to the bulk metal loss, however, this fabrication- and design-specific dependency is normally un-
known a priori. Thus, surface roughness substantially complicates optimization by contributing an addi-
tional loss that is difficult to predict.

There are conflicting views on how to minimize additional diffusive and absorptive losses generated
by surface roughness. Some researchers believe that increasing the deposition rate of silver could improve
the surface quality, resulting in lower RMS roughness and in lower loss [7]. The rationale behind this
thinking is that the high deposition rate counteracts the tendency of the highly mobile silver particles to
form islands. With a slower deposition rate the silver would start forming islands resulting in a rough sil-
ver film, which may even become semi-continuous if the layer is too thin. But, it could also be argued that
a slower deposition rate would allow the silver layer to stabilize itself by minimizing the free energy, thus
reducing the number of defects and resulting in a lower loss.

It is of prime importance to understand the effect of fabrication on the metal used in optimized plas-
monic structures since it could drastically affect the design output and the final performance. Hence, in
this paper we specifically address the effect of deposition rate on the optical properties of optimized DNM
structures. First, the effect of the deposition rate on the magnetic resonances is analyzed for a simpler sys-
tem consisting of a periodic array of paired nanostrips. The system is very similar to a grating. In this
structure only the effective permeability is negative (1’ < 0, ¢’ > 0) . For this material, £” for bulk sil-

ver is multiplied by a wavelength-dependent “loss-factor” to match the simulated absorption with the ex-
perimental data. Then, an average loss-factor (for the best deposition rate) is employed in the design of a
bi-periodic DNM prototype which is similar to a crossed grating in appearance. Finally, the experimental
transmission and reflection spectra of the fabricated prototype are compared to the simulated data, suc-
cessfully validating our method of introducing additional loss to the plasmonic elements for the optimal
design of DNG in optics.

2. Effect of deposition rates on resonances in paired nanostrips

Metal-dielectric composites with a negative effective permeability are essential for further development
of low-loss optical DNMs. Recent simulations and experiments [8], [9] have demonstrated that pairs of
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thin silver strips separated by a dielectric spacer could offer an easy way of
achieving negative effective permeability by coupling near-field modes. In
addition, the layer of the pairs of silver strips with sub-wavelength periodic-
ity is much simpler to model and fabricate than a layer of bi-periodic DNM.

Provided that the magnetic field of the normally-incident and linearly-
polarized light is directed parallel to the strip edges, the layer of paired nano-
strips is known to have two distinct resonant responses. Relative to the mid-
plane of the layer, the resonances exhibit distinct symmetries of their domi-
nant propagating E-field modes. Thus, in contrast to the dominant symmetric
mode of the ‘electric’ resonance at a shorter wavelength giving a negative
effective permittivity (¢’ < 0, u" > 0) to the layer, the dominant asymmetric

mode of the ‘magnetic’ resonance at a longer wavelength results in a nega-
tive effective permeability (x' < 0, ¢’ > 0). It has also been shown that the

dorningnt propagqting mode of the scgttered field in a periodic array of cou- o . g. electron microscope
pled silver strips is always accompanied by a weaker response with the op- (Fg SEM) image of Sample
posite symmetry and reversed dispersion behavior. For example, the mag- A (deposited at 0.5 A/s). (b)
netic resonance is always accompanied by an electric anti-resonance. This FE SEM image of Sample C
phenomenon does not occur for the case of an isolated strip pair of the same (deposited at 10.0 A/s).
structural dimensions and materials.

We studied the effect of deposition rates on these resonances using actual prototype samples of opti-
mized structures. The samples were fabricated using electron beam lithography techniques. First, the ge-
ometry of the periodic, thin silver strips was defined by using an electron beam writer on a glass substrate
initially coated with a 15-nm film of indium-tin-oxide (ITO). Then, electron beam evaporation was ap-
plied to produce a stack of lamellar films. Finally, a lift-off process was performed to obtain the desired
silver strips. The projected serial structure of the films from the ITO-coated glass was: Sample A and C,
10 nm alumina, 35 nm silver, 40 nm alumina, 35 nm silver, 10 nm alumina; Sample B, 10 nm alumina, 30
nm silver, 40 nm alumina, 30 nm silver, 10 nm alumina. The deposition rates were 0.5 A/s, 2.5 A/s and
10.0 A/s for Sample A, B and C respectively. Field emission scanning electron microscope (FE SEM)
images of Sample A and Sample C are shown in Figure lab. The periodicity of all the samples was
300 nm. Due to limitations in fabrication, the cross section of the nanostrip pair is trapezoidal instead of
rectangular. This is a well known problem associated with fabrication methods that rely on positive
photoresist, deposition and lift-off. This problem could be alleviated through the use of more sophisti-
cated fabrication methods (dry etching or anisotropic etching). Unfortunately such methods have not yet
been implemented for silver. The bottom widths of the nano-strip pairs averaged from representative FE
SEM images were as follows, Sample A: 160 nm, Sample B: 174 nm, Sample C: 160 nm. The top widths
were as follows, Sample A: 85 nm, Sample B: 94 nm, Sample C: 80 nm.

To test the fabricated samples, we measured the transmission and reflection spectra using an ultra-
stable tungsten lamp (B&W TEK BPS100). The spectral range of the lamp covers the entire visible and
near-infrared optical band. A Glan Taylor prism was placed at the output of the broadband lamp to select
the light with desired linear polarization (as shown in Figure 1). The signal transmitted (or reflected) from
the sample was introduced into a spectrograph (Acton SpectraPro 300i) and eventually collected by a lig-
uid nitrogen cooled CCD-array detector. The transmission and reflection spectra were normalized to a
bare substrate and a calibrated silver mirror, respectively.

The initial optimal design of the prototypes was performed using a commercial finite element solver
with the material properties of bulk silver taken from experimental data [10]. Since the losses in the silver
elements of the metamaterial appeared to be invariably larger than that of bulk silver mainly due to sur-
face roughness, we modeled the contribution from this loss enhancement through a wavelength-dependent
adjustment factor («, loss-factor), such that the permittivity of silver was given by ¢ = ¢’ + iac” , where
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Figure 2: (a) Spectrum of the loss factor (a) for the three Samples. (b) Transmission and Reflection spectrum for
Sample A. Dashed line shows the simulated spectrum and continuous line shows the experimental spectrum. (c)
The real part of the effective permeability for the three samples.

the real and imaginary parts of the permittivity of bulk silver (¢’ and ¢”) have also been taken from Ref.
[10]. Our further experimental studies showed that « is in general a function of the wavelength. The
simulated absorbance was matched to the experimental absorbance by incorporating a suitable wave-
length-dependent loss-factor « .

3. Modeling of the roughness-enhanced losses

The loss-factor spectrum for the three samples is shown in Figure 2a. For example, the simulation results
of Sample A with the adjusted loss-factor are compared to the spectral measurements in Figure 2b. We
note that the simulations match the experiment very closely. The corresponding spectra of Samples B and
C (not shown) also demonstrate excellent matching between the simulated and experimental data. For
Sample A, two valleys in the transmission spectrum indicate the position of the electrical resonance (at a
wavelength of 516 nm) and the magnetic resonance (at a wavelength of 727 nm). We note that for all
samples the loss-factor is always higher at both resonances. Moreover, the loss-factor is higher at the
magnetic resonance as compared to the electrical resonance. Additional evanescent modes at the reso-
nances create stronger fields that are localized near the metal structures and therefore provide an en-
hanced field interaction with the rough features of nanoscale relief at the metal-dielectric interfaces. This
gives a higher loss-factor near the resonance wavelengths. The asymmetric modes of the magnetic reso-
nance appeared to be more sensitive to the surface irregularities. As a result, loss-factor is even higher at
the magnetic resonance as compared to the electrical resonance.

Figure 2a indicates that the maximum of the loss-factor falls with a decrease in the deposition rate.
This leads us to conclude that a slower deposition rate results in better quality and consequently lower
loss in the deposited silver. Figure 2¢ shows the real part of permeability for the three samples, indicating
that a lower loss-factor results in a more negative permeability. The results are summarized in Table 1.

4. Double negative materials based on fishnet geometry

It has been previously shown that a subwavelength bi-periodic grating (‘fishnet”) consisting of two
metal layers separated by a dielectric layer can provide a negative index material [11] - [12]. The incident
light is polarized along one of the gratings (see Figure 3a). The grating that is aligned with the incident
magnetic field provides negative permeability

through a magnetic resonance as seen in the Table 1: Summary of the results for the three samples
previous section. In an optimized structure the Sample | Deposition rate of silver (A/s) | Min(z) | Max(c)
magnetic resonance can be sufficiently strong

to yield a negative permeability. The other A 0.5 1744 42

grating is aligned with the incident electric
field and shows no resonances or diffraction
(since the period is subwavelength). Similar to C 10 0.8543i 77
the approach shown in [9], this grating be-

B 2.5 -0.94+3.4i 6.0
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Figure 3: (a) SEM image of DNM sample. (b) Transmission and reflectance spectrum for DNM sample. The
dashed line shows the simulated spectrum and the continuous line shows the experimental spectrum. (c) Effective
refractive index and FOM of the DNM sample. (d) Effective permeability and permittivity of the DNM sample.

haves like a dilute metal providing a negative permittivity. In a properly designed structure this could lead
to simultaneous negative permeability and permittivity, resulting in a DNM. We have already demon-
strated that the effective properties of metallic elements in a nanostructured metamaterial depend on the
method of fabrication. This presents a difficulty in optimizing such nanostructures using only the proper-
ties of bulk metal. Hence, constant feedback from fabrication and measurements is required to find the
optimum design. As a simplified approach, an averaged value of loss-factor a can be used for optimiza-
tion of the prototypes fabricated with a selected deposition rate. For example, a constant value (a = 3)
was taken to optimize a DNM prototype.

5. Results and discussions

A DNM sample with a period of 300 nm (in both directions) was fabricated and characterized using
methods described in the previous sections. The polarization of incident light used for characterizing the
sample and its FE SEM image are shown in Figure 3a. The deposition of silver was performed at a rate of
0.5 AJs. Figure 3b shows the experimental and simulated spectra of the sample. The simulations are in ex-
cellent agreement with optical measurements. Figure 3¢ shows the effective refractive index of the sample.
The real part of the refractive index is negative in the 60-nm range from 790 nm to 850 nm. Figure 3d
show the effective permeability and permittivity. The permittivity demonstrates ‘metallic behavior’ with
the negative real part becoming increasingly negative with increasing wavelength, while the permeability
shows a strong resonant behavior; as a result the real part of permeability is negative from 805 nm to 815
nm. The sample is double negative for wavelengths between 805 and 815 nm. Figure 3¢ shows the FOM
of the sample given by the ratio —n’/ n” . The FOM reaches a maximum value of around 1.3 at 813 nm,

where n’ ~ —1.0.
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