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Abstract: Metamaterial absorbers are photonic structures composed of an array of sub-wavelength
metallic patterns. Results in literature are usually based on structures of nominal dimensions,
despite the significant effect of fabrication tolerances on performance. This research aims to
identify the main sources of uncertainty and to investigate their effect, notably that of an irregular
surface quality (i.e., roughness) of the thin metallic layer and the lithography related variations in
size and shape. The effect of the shape and positioning of the resonance peak was investigated and
validated using mid-infrared metamaterial absorbers. This sensitivity analysis is essential to the
batch fabrication of metamaterial absorbers for MEMS applications.
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1. Introduction

Metamaterial-based infrared absorbers are usually fabricated using e-beam lithography, which
results in high control over the shape and size of the metallic pattern at the expense of low
fabrication throughput [1]. Such a low fabrication yield hinders the integration of metamaterial
structures with MEMS. I-line UV lithography has been recently utilized to alleviate the process
integration for the fabrication of the infrared metamaterials and detector arrays by exploiting its
batch process capability. Figure 1 shows a set of metamaterial designs fabricated on the wafer level
(4in Si wafer). The dependency of the response of the metamaterial to the shape of the unit-cell
enables the fabrication of different designs in a single process. However, the fabrication tolerances
involved in the lithography-based process depend on the size and resolution of the pattern and must
be assessed to achieve the adequate performance.
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Figure 1. Wafer level fabrication of large-area metamaterial absorbers fabricated over a 4-inch silicon
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wafer.
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While errors in the thickness of the layers have been previously investigated and found to be
manageable [2], surface roughness and uncertainties in the shape and size of the metallic pattern
have up to now received less attention. This paper analyzes the effect of both surface roughness and
shape variations independently and investigates their effects on the performance of the
metamaterial absorber.

2. Materials and Methods

A metamaterial absorber is composed of a metal backplane, a dielectric spacer, and a regular
arrangement of a metallic pattern (Figure 2). The specific arrangement of the metallic pattern and the
shape (and size) of the patterns determine the particular response of the metamaterial to the incident
electromagnetic wave. Any irregularity and non-uniformity therein (such as absolute dimensions,
corner quality, and eccentricity) results in deviations from the expected performance. The overall
response of the metamaterial is an averaged effect over a large number of sub-wavelength elements.
Therefore, the lateral lithography related defects mainly have a statistical effect on the performance
of the structure.
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Figure 2. Schematic of a metamaterial structure.

Surface roughness affects the performance of the metamaterial not only due to the scattering of
the electromagnetic wave but more significantly due to the effect of the roughness on the electrical
conductivity of the pattern. For a metal layer with a thickness in the order of the electron mean free
path in the metal (18.9 nm for Aluminum [3]), the electron-phonon scattering increases with surface
roughness and grain boundary density, thereby resulting in an increased resistivity in the metal
[4,5]. Moreover, the increased number of chemical bonds (e.g., native oxide) at the surface of metal
increases the imaginary component in the permittivity (high loss angle), thus resulting in increased
damping of the surface plasmon resonance [6]. Finally, the shape of the pattern is affected by the
roughness which further degrades the performance of the metamaterial.

3. Fabrication and Discussion

The effect of the tolerances was tested using different infrared metamaterial absorbers
composed of an array of circular aluminum disks. The fabrication process is based on standard UV
lithography (ASML PAS 5500/80 wafer stepper), aluminum sputtering, and lift-off. A metamaterial
with a disk diameter of 900 nm and a pitch size of 2600 nm result in a sharp spectral absorbance at
3.2 ym with 200 nm full width at half-maximum. Furthermore, tuning the disk diameter from
900 nm to 1100 nm shifts absorption band from 3.2 um to 3.8 um.

To investigate the effect of the roughness, the deposition recipe of the PECVD SiO2 spacer layer
was changed to obtain layers with different surface roughness. The spectral absorbance of the
fabricated metamaterials was characterized in reflectance using an FTIR with a reflectance module
and compared with the expected response. Figure 3 shows the spectral absorbance of the fabricated
metamaterials. A high roughness resulted in a near flat absorbance with an amplitude of about 0.5.
An improved surface roughness (RMS roughness < 10 nm) was found to drastically improve the
Q-factor in the resonator.

For validating the effect of size variations and eccentricity of the disks, absorbers with 900 nm,
1000 nm, and 1100 nm diameter were fabricated and characterized. Figure 4 shows the spectral
absorbance of the different metamaterial absorbers as compared to the expected value. The
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fabrication tolerances have resulted in both a peak widening and a shift to shorter wavelengths.

Furthermore, the peak intensity is also reduced. As it is expected, the effect of the lithography
related errors is higher on designs with a smaller disk diameter.

1.0
0.9 4
0.8
0.7 4

0.6

0.5 —— Improved surface quality
— With roughness

Absorbance

0.4

0.3

0.2

0.1

0.0 T T ]
2000 3000 4000 5000

Wavelength (nm)

Figure 3. Absorption spectra of circular disk metamaterial (diameter = 1100 nm, period = 2600 nm)
with and without roughness. The SEM graph of the surface is shown in the insert.
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Figure 4. Expected and measured the absorbance of mid-infrared metamaterial absorbers. Finite
difference time domain (FDTD) analysis was used to simulate the response of the ideal

metamaterials to the incident electromagnetic wave.

In order to obtain a quantitative analysis of the effect of size and shape on the performance of
the metamaterials, different samples were imaged using SEM. The distribution of size and
eccentricity (shape) were analyzed using an image processing algorithm in Matlab. Figure 5 shows
an example of SEM image and its corresponding binary image produced and used in the image
processing algorithm. Table 1 lists the statistical results obtained. As expected, larger diameter disks
have a lower fabrication defect (lower standard deviation and lower eccentricity).
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Figure 5. (a) Scanning electron micrograph of sample area and (b) binarized image (Matlab).
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Table 1. The statistical distribution of the variations in the shape of the metamaterials fabricated
using UV lithography. D1 and D2 are the minor and major axis of the disks, oni is the standard
deviations, and e is the calculated eccentricity of the disks.

Drominal Dmajor  OD_major  Dminor  OD_minor e %Error_D
900 nm 851 31 760 32 0.43 10.6%
1000 nm 922 23 854 24 0.38 11.2%
1100 nm 1103 17 1026 16 0.36 3.2%

4. Conclusions

Lithography based fabrication of mid-infrared metamaterial absorbers enables the batch
fabrication of the metamaterial absorbers suitable for MEMS applications. As compared to e-beam
lithography, the lower level of control on the fabrication parameters as well as the lower minimum
feature size available in UV lithography results in a higher level of fabrication errors. Various
sources of errors, namely surface roughness, and size distribution, and their corresponding effect on
the performance of the metamaterial were identified and analyzed in this work.

The roughness was found to have a significant effect on the Q-factor of the metamaterial
absorber. Therefore, optimization of the deposition process of the underlying layers, e.g., backplane
metal and spacer, is essential for the fabrication of metamaterials. The effect of lithography based
errors on the performance of metamaterial absorbers with different diameter was also analyzed. It
was shown that while the tolerance is low for disk diameters larger than 1000 nm, the UV
lithography of 900 nm diameter disks resulted in smaller than nominal dimensions. Furthermore,
the eccentricity was found to be higher for smaller disks. Such analysis can be used to design a
compensated design.
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