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ABSTRACT

The aim of this work is to develop a metamaterial absorber that can be
incorporated into a terahertz (THz) imaging system with a 4.7 THz quantum cascade
laser (QCL) illumination source. Finite element (FE) simulations were utilized to design
metamaterials, and a Fourier transform infrared spectrometer (FTIR) was employed to
characterize the absorption spectrum of each metamaterial configuration. Process
parameters for future work with the microfabrication devices have been established for
the Naval Postgraduate School clean room. Analysis of experimental data provided
insight in determining the refractive index of the metamaterial dielectric, SiOy, from 3-8
THz and confirmed the Lorentzian shape for the absorption spectrum as theoretically
proposed by another group. Future work will incorporate the metamaterial absorber
design of this research into a more efficient, cost effective, bi-material THz sensor that

can be employed in a variety of naval applications.
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l. INTRODUCTION

The Sensor Research Laboratory (SRL) at the Naval Postgraduate School has
been investigating the use of metamaterials in terahertz (THz) imaging devices. The THz
region, typically designated between 0.1-10 x 10" Hz and shown in Figure 1, is in a
region that has been designated as the “Terahertz Gap” [1]. This region provides potential
for advanced imagery in the security, medical, and communications spheres, along with

many others [2-5].

Figure 1.  Terahertz Radiation within the Electromagnetic Spectrum

Electronics

Microwaves
MF, HF, VHF, UHF, SHF, EHF

Visible X-ray y-ray

100 108 108 109 1012 1015 1018 107
kilo mega giga tera peta exa zefta
Example Radio Radar 77 Optical Medical Astrophysics
industries: communications communications imaging
Frequency (Hz)

The terahertz region is located between the microwave and infrared regions. Its small
wavelength, while still being non-ionizing, makes it ideal for a wide range of imaging
and communications applications, along with many others. Source: [6] Coherent InfraRed
Center. (n.d.). “Filling the THz Gap,” [Online]. Available: http://circe.lbl.gov/
THzGap.html. Accessed Oct. 29, 2015.

THz detectors are desirable since the electromagnetic radiation in this region have
the ability to penetrate most non-metallic, non-polar materials, while also having the
distinct advantage of being non-ionizing [6]. Due to these distinctive properties, the
technology can be utilized for advanced personnel security screening, food inspection,
and medical diagnostics, among many other uses [2, 8, 9]. The ability for nondestructive
evaluation and inspection is evident over a wide range of materials that exhibit THz
spectral characteristics, including human body tissue [3, 10].

1
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The major factors for imaging in the “THz gap” have been low background
(thermal) radiation in the THz spectral range and absence of powerful sources and
sensitive detectors. The complexity of existing sources and sensors coupled with their
high costs has, until recently, prevented widespread use of THz imaging systems. Recent
developments in quantum cascade THz lasers and metamaterial-based THz absorbers
allow design of compact imaging systems. These metamaterial-based sensor designs,
which will be discussed in this thesis, have increased the potential applications in the

THz region [8, 10].

Metamaterial absorbers consist of two or more materials arranged in a periodic
structure that can absorb THz radiation in a pre-defined spectrum. Metamaterials exhibit
different optical properties from their constituent materials, and their ability to be tuned
for specific THz frequencies is advantageous for their use in detectors. The mechanism
by which metamaterial absorbers behave has been explained using different models,
including the resonant circuit model, the plasmonic near-field effect, and Fabry-Perot
resonance, etc. [11-14]. Due to the complexity of such structures and their periodic
nature, finite element (FE) modeling is the preferable means of designing metamaterials.
In order to use metamaterials in sensors, they have to absorb efficiently the incoming
radiation on the wavelength of interest. There is a category of planar metamaterials,
designated as “perfect absorbers,” that can have near 100% absorption within specific
frequency ranges. [15]. The metamaterials employed in this work consisted of an
aluminum (Al) ground plane, a silicon-rich oxide (SiOy) dielectric layer, and Al square
resonator, all deposited on top of a silicon wafer. An example metamaterial unit cell and

periodic array is shown in Figure 2.



Figure 2.  Metamaterial Unit Cell and Periodic Array

Al ground plane Square element
(100 nm) (100nm)

SiO, spacer
(1.1um)

(a) (b)

Metamaterial absorber. (a) Basic unit cell with ground plane (Al), dielectric (SiO,) and
square element. The square element represents the Al resonator for this research. (b)

Array of squares with resonator of size (S) and a pitch of 20um. Source: [7] Alves et al.,
“Bi-material terahertz sensors using metamaterial structures.” Opt. Expr., vol. 20, no. 11,
pp. 13256-13271, May 2013.

The SRL has previously developed bi-material THz devices with integrated
metamaterial structures for imaging applications. The absorber portion of the
metamaterial device converts incoming electromagnetic radiation to heat, which is then
conducted to the bi-material legs of the structure. The legs experience a deformation due
to the difference in thermal expansion between the two materials, which is then recorded
using an optical readout system [7]. The application of this method across a focal plane
array allows for imaging in the THz spectrum.

In order to make the bi-material sensors efficient, absorption has to be optimized;
therefore, the objective of this thesis work is to study, design, fabricate, and characterize
the planar metamaterial structures previously described. The research is detailed in the
following chapters. Chapter Il describes the computer simulations and physical
assumptions that provided the expected theoretical results for each metamaterial
configuration. Chapter Il details the metamaterial fabrication process and
characterization of the Naval Postgraduate School clean room microfabrication tools.
Chapter IV explains the characterization of each metamaterial, and Chapter V provides

analysis and discussion of the main results.
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II.  MODELING AND SIMULATION

A. BACKGROUND

FE modeling and simulations were conducted throughout this research using
COMSOL Multiphysics software. The goal was to obtain geometric and physical
configurations to maximize absorption of metamaterial for an incoming THz
electromagnetic wave. The higher absorption a metamaterial exhibits, the better suited it is
for future applicability in THz sensors. In order to study performance of the metamaterial,
two different wafers were fabricated with similar configurations. One design consisted of
resonators with a constant square size (12 um) and a varying pitch, ranging from 14 -53
pm. The other consisted of a constant pitch (21 pm) with varying square sizes, ranging
from 9-18 um. Each of their ground planes and dielectric layers were the same. In this
document, the varying pitch wafer is designated C-11-31, while the varying square size is
designated C-11-34. An overhead representation of wafer C-11-34 can be seen in Figure 3.

Figure 3.  Overhead View of a Wafer Produced with the Varying Square Size
Mask

RN 000
rm 1 12 = ' ‘920}

The outer sections for regions 1-10 contained the varying square sizes, ranging from 18-
9 um, all with a constant pitch of 21 um. Source: [16] B. Kearney et al., “Al/SiO,/Al
single and multiband metamaterial absorbers for terahertz sensor applications,” Opt.
Eng., vol. 52, no. 1, pp. 013801-8-013801-2, 2013.
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The FE simulations provided a numerical model for each metamaterial shown in
Figure 3 to be compared with corresponding experimental data. The basic unit cell
geometry for each simulation is shown in Figure 4. The simulation process consisted of
several phases, which included establishing the unit cell geometry, inputting the
applicable physical boundary conditions, and evaluating the inputs over a range of

specified frequencies. These processes are discussed in detail in the following section.

Figure 4.  Example of the Basic Unit Cell Geometry for COMSOL
Simulation

\ Al Square -'

TS Overetch

Dielectric

T AL Ground Plane

Basic representation of the unit cell geometry for COMSOL simulations. Note that this image does
not show the regions of air above and below the cell that are included in the model. Source: [7]
Alves et al., “Bi-material terahertz sensors using metamaterial structures.” Opt. Expr., vol. 20, no.
11, pp. 13256-13271, May 2013.

B. UNIT CELL GEOMETRY

The geometry consisted of the Al ground plane, SiOy dielectric and over etch, and
Al square resonator. The over etch was necessary in order to take into account process
variations. The surrounding medium (air) for the incoming wave was included as well.
The SiOy dielectric thickness (1.1 pm) was a critical geometric input variable to

maximize absorption characteristics and was established from past research in the NPS
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SRL [16-18]. Since one desired application for these unit cells is their integration into
future designs of thermal sensors in the form of focal plane arrays, it is important to
maintain the dielectric thickness as thin as possible to minimize the thermal capacitance.
The thermal capacitance is proportional to an objects volume; thus, a thinner dielectric
has a smaller volume, which leads to a desirable design parameter in maximizing the
sensor’s speed of operation [16]. An over-etch layer, which is a result of fabrication
limitations, found to have an average thickness of 100 nm. The periodic nature of the
planar metamaterial described here allows for simulation and parameter extraction using
the repeated unit cell, minimizing simulation run time. Both SiO4 and Al regions in a

single unit cell are shown regions (a) and (b) of Figure 5. The geometric regions shown
above and below the unit cell are layers of air.

Figure 5.  Unit Cell Layers of SiOyand Al

(a) (b}

The left cell (a) shows the SiO, regions, with the dielectric (1.1 pm thick) and over etch
(100 nm thick) portions highlighted. The image on the right (b) highlights the Al ground
plane and resonator regions (both 100 nm thick). The top and bottom region is air in (a)

and (b).
C. UNIT CELL PHYSICS
1. Electromagnetic Wave Equation

As discussed previously, the unit cell and surrounding medium consisted of Al,
SiOy, and air. Each material was assigned to its appropriate electromagnetic properties for

COMSOL to solve the wave equation for the fields on each mesh node. For a medium

7



with no charges or initial currents, and where conductivity is not negligible, the EM wave

equation is given by

Vxu (VxE)—k; (e, -22)E=0 )

weg

where ¢ is conductivity, & IS permittivity and |, is relative permeability [17].

For SiO4 and air, conductivity is negligible and the loss is accounted by the

imaginary part of e, therefore COMSOL solves the equation

VX(VXE)—k;S},E:O (2)

i

This condition can be set in the model, which reduces the computational efforts
needed to perform the calculations. As can be seen by comparing Equation (1) to
Equation (2), relative permeability can be set to one for SiO4. The complex refraction

index is given by the following equation
. = (n— ik)? 3)

where n is the real portion and k is the complex portion. For simulations conducted
during this research, n was initially set to 1.9, while k was set to 0.02 [19-20]. The
resonant nature of the metamaterial absorption allowed the fitting of the experimental
results with FE simulations in order to obtain the refined values of n for SiOy in the THz

range of study.

2. Boundary Conditions

Since the metamaterials for this research are periodic structures, periodic
boundary conditions can be used to simulate a unit cell. A further simplification can be
done since the metamaterial structures will be used for imaging and sensing and the
incident field is near normal [17]. The normal incidence of the incoming wave allows the
use of a perfect electrical conductor boundary for the faces perpendicular to the electric
field and perfect magnetic conductor for the faces perpendicular to the magnetic field
[17]. A schematic diagram of the simulated unit cell is shown in Figure 6.

8



Figure 6.  Representation of a COMSOL Simulation with Initial Boundary
Conditions

PORT 1 T
Excitation

-

Reflection \
‘\ . )

. Al-Square

L

\L

Periodic Boundary
. (and the opposite side)

N\

AN

Periodic Boundary ™.
(and the opposite side) -

/ -\\\\ / \\\ \-»_.,J/-/-/
4 N
Metamaterial N %;?
Unit Cell [N
PORT2 <~ _ ~

Transmission N 7

. —~

The PEC and PMC are shown by the periodic boundaries and their opposite sides. The
incoming wave is incident to Port 1. Notice that there is no transmission through Port 2,
due to the thickness of the Al ground plane. Source: [7] F. Alves et al., “Bi-material
terahertz sensors using metamaterial structures.” Opt. Expr., vol. 20, no. 11, pp. 13256-
13271, May 2013.

3. Input Power

An input power of 1 Watt (W) for the incoming wave was specified for Port 1,
depicted by the red incident arrow in Figure 7. Using 1 W for the input power allows the
computation of the normalized absorption by calculating the dissipated power on the
metamaterial cell [17]. A convenient way to compute absorption is by calculating the
amount of reflected power back into the Port 1. Since there is no transmission, absorption

is given by
A=1-abs(511)° 4)

where abs(S11)? represents the reflected power on Port 1 in Figure 6 [7].

9



Particular attention was paid to the meshing at boundaries between different metamaterial
layers to ensure the critical boundary interactions were modeled appropriately. After
constructing the mesh of each layer horizontally, the sweep function was utilized to
create matching in vertical direction within each geometrical configuration. An example

of an entire unit cell meshed can be seen in Figure 8.

Figure 8.  Schematic of Unit Cell Meshing

Note that the element intervals at material boundaries are much more detailed than all
other elements. This ensures that the COMSOL model accurately outputs the interactions
at the critical material interfaces.

D. EVALUATION

Each simulation was run over a range of THz frequencies that focused around the
expected resonance of the particular unit cell. The frequency increment and mesh sizes
were the two dominating factors in determining the length of a simulation. For this
research, simulation times ranged from 7 minutes to 17 hours. The longer simulations
generally employed the parametric sweep function, which varied either resonator size or

11



Figure 7. Schematic of Reflection and Transmission

Scattering Boundary Condition

4 4
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Scattering Boundary Condition

Simple schematic of periodic boundary conditions and scattering boundary conditions. Of
note, the thick Al ground plane prevents any transmission. Source: [16] B. Kearney et al.,
“Al/SiO,/Al single and multiband metamaterial absorbers for terahertz sensor
applications,” Opt. Eng., vol. 52, no. 1, pp. 013801-8-013801-2, 2013.

4, Meshing

Meshing generates a set of geometrical nodes for each geometrical region of the
unit cell. As a general rule of thumb, the minimum mesh should be no larger than A/5
[21]. To be conservative, the largest THz resonant frequency of concern was assumed to
be 9 THz, which has a wavelength equal to approximately 30 um (A = c/f, where c is the
speed of light). Using the meshing constraints, the mesh size should not exceed 6 pum;
during all FE simulations, the mesh size was kept below 5 um. Also of importance, the

skin depth for 9 THz was calculated to be 53 nm using the equation

5= [P
Tf il

3

()

where 0 is skin depth, p is resistivity, f is frequency, W is relative permeability [22]. In

general, meshing should also have a bare minimum of two elements per skin depth [23].
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pitch size, in order to expedite multiple test runs under one simulation. Integrated
resistive losses were then utilized to determine the absorption within each metamaterial

unit cell.
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I11. METAMATERIAL FABRICATION

A. FABRICATION BACKGROUND

The clean room at Naval Postgraduate School was utilized to complete the
fabrication of the wafer with varying square sizes; it is denoted by C-11-34 in this thesis.
Figure 3 in Section Il, Part A presents an overhead view of the configuration of this
wafer. A clean room, in general, is a room that maintains the atmosphere with a specified
particulate concentration through a very fine filtration system and stringent cleanliness
controls. A positive pressure is also maintained to minimize the introduction of
particulates. The clean room has two sections, one with a particulate concentration of
1,000 parts per million (PPM) and the other 10,000 PPM.

The wafer had the AIl/SIO,/Al layers deposited at the facilities of Oak Ridge
National Laboratory. Each Al layer was 100 nm thick, and the SiOy layer was 1.1 pm
thick. Multiple test runs were completed prior to the final fabrication of wafer C-11-34.
These test runs were necessary to tune the required processing steps and produce a

sample that complies with the design specifications.

B. FABRICATION PROCESSES

The process steps include photolithography, development, etching, and removal

of photoresist. Each is detailed in the following text.

1. Preparation for Lithography

The wafer is first placed in the Brewer Science CEE 200X Spin Coater, which can
be seen in Figure 9. After verifying the proper recipe is loaded in the spin coater, the
wafer is centered. MCC 80/20 Primer was then pipetted on the wafer surface and spun for
45 seconds at 3,000 revolutions per minute (RPM) to ensure an even distribution of the
primer. A positive photoresist, SPR 955-CM-0.9, was then pipetted onto the wafer and
span for another 45 seconds at 3,000 RPM to ensure a uniform coating of 0.9 um is
achieved. The wafer was then placed onto a hot plate set to 90 °C for 90 seconds, after

which it was placed on a metal plate to cool down. The hot plate and metal heat
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conducting plate are shown in Figure 10. All of these processes remained constant for
each test run and the fabrication of C-11-34.

Figure 9.  Brewer Science CEE 200X Spin Coater

The spin coater distributed the MCC 80/20 Primer and the SPR 955-CM-0.9 Photoresist
along the wafer during the pre-lithography phase of fabrication.

Figure 10. Hot Plate and Heat Conducting Plate Used for the Pre-Exposure
Bake

The hot plate was used during the pre-exposure and post exposure bakes. The metal plate
(located below the hot plate) let the wafer cool to room temperature immediately after the
bakes.
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2. Lithography and Post-Exposure bake

The PLA-501 S Canon Mask Aligner (CMA) is utilized to align the wafer with
the desired mask and expose the unmasked areas to the ultra-violet (UV) light The CMA
can be seen in Figure 11. Exposure time is determined by the light integra setting, located
on the CMA main panel. The light integra settings tested prior to final fabrication ranged
from 120 to 100. The setting of 120 was approximately 10 seconds of UV exposure,
while the setting of 100 was approximately 8 seconds. Since SPR 955-CM-0.9 is a
positive photoresist, the UV light weakens the portions of the photoresist not covered by
the mask. This leads to the mask pattern being the same pattern as that of the wafer upon

the completion of the fabrication process.

The other variables adjusted with the CMA were print gap and align gap, which
are located on the horizontal display panel of Figure 11. Align gap determines the initial
alignment parameters while print gap, measured in um, adjusts the distance of the mask
from the wafer directly before exposure initiates. Having the mask further away from the
wafer can increase the diffraction effects causing unresolvable features. Figures in the
Appendix, Part B show examples of test runs with the results using a larger print gap.
Placing the mask too close must also be avoided because it can lead to small deposits of
photoresist on the mask if the photoresist is not spread evenly following the spin cycle.
For this reason, the print gap was never less than 5 um, which was the setting for the final

fabrication.

The wafer was then transferred onto the hot plate for the post-exposure bake. For
this bake, the hot plate was set to 120 °C for 90 seconds. Initially, only light integra
settings were adjusted between test runs. The results from initial test runs led to the print
gap being adjusted to 10 pm. The tables in the Appendix, Part A detail the adjustments
made between all test runs, while Table 4 shows the final parameters for the fabrication

of C-11-34.
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Figure 11. PLA-501 S Canon Mask Aligner

The CMA was used to expose each wafer with UV light during the photolithography
process.

3. Development

The development solution was Microposit MF-CD-26 Developer (CD-26), an
alkaline corrosive utilized to remove the exposed photoresist from the wafers. CD-26 was
placed in a plastic container with sufficient capacity to place the wafer within it.
Development time is the amount of time the wafer stays in CD-26 solution after the post-
exposure bake. During the development process, portions of the SPR 955-CM-0.9 that
were not exposed to UV light dissolve off the wafer and into the solution. Over-
development can dissolve portions of the photoresist that were exposed to UV light,
leading to the features having smaller than desired dimensions. To produce the desired
dimensions, it is important to pull the wafer out of the CD-26 solution as soon as all the
exposed photoresist is off the wafer. Several test runs were conducted and optical
microscopy was used to analyze resultant resonator dimensions and features. In the actual
fabrication of C-11-34, a development time shorter than the test runs was used, as shown
in Table 4.
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4, Etching

Wafer C-11-34 underwent Argon (Ar) sputter etching with the Oxford
Instruments PlasmalLab System 100, as shown in Figure 12. Sputter etching is the process
of removing unprotected material by using an inert gas (Ar). In the case of this research,
this process should remove approximately 100 nm/min of Al based on previous work in
the NPS clean room. Prior to etching, the thickness of SPR 955-CM-0.9 in various
regions of the wafer was measured using an optical microscope coupled with the
FILMeasure program. This program specifically utilized the Filmetrics F40 tool to
measure the thickness of a film (SPR 955-CM-0.9) on a metal (Al), although it can be set
up to measure a variety of film and metal combinations. The initial thickness of
photoresist was on average 877 nm, as expected for SPR 955-CM-0.9.

The first sputter etch cycle was one minute in duration, after which Filmetrics F40
was again utilized to measure the SPR-955-CM-0.9 thickness. The KLA D-120 Tencor
Profilometer was used to measure the combined thickness of the metal and the film.
Similar to the Filmetrics measurements, it measured several different portions of the
wafer. The selected areas transitioned from regions with photoresist directly to regions
where photoresist had been removed during the development process. A height histogram

from the Tencor Profilometer is shown in Figure 13.
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Figure 12. Oxford Instruments PlasmaLab System 100 Used for Sputter
Etching Wafer C-11-34

N
i
S

Used for the Ar Sputter Etching of Wafer C-11-34. Two etches, both one minute in
duration, were required to remove the requisite amount of aluminum to fabricate the
desired metamaterial. Fabrication limitations led to the over etch being approximately

100 nm.
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Figure 13. Height histogram from the KLA D-120 Tencor Profilometer of C-
11-34 prior to final Sputter Etch
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The difference in height between the peak region and baseline region provides the total
thickness of aluminum and photoresist over a specified region. Combining this data with
the FILMeasure program provides the Al thickness removal for each sputter etch cycle.

The difference between the measured thicknesses from the Tencor Profilometer
(Al + SPR 955-CM-0.9) and FILMeasure program (SPR 955-CM-0.9) provides the
thickness of aluminum removed during each sputter etch cycle.

Two sputter etch cycles were required for the fabrication of wafer C-11-34. Table
1 contains the Al and SPR 955-CM-0.9 thicknesses before and after the first etch, while
Table 2 contains the thicknesses after the second etch. Region | was near the edge of the
wafer and Region Il was near the center of the wafer. These regions were selected for
final analysis as they were measured consistently between each process cycle. An
average Ar sputter etch rate can be utilized for future NPS clean room work for both

photoresist and aluminum from these tables.
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Table 1.  Etching Results for First Cycle (60 s) of Ar Sputter Etching Wafer
C-11-34
Region SPR 955 SPR 955 A SPR 955 SPR 955 + Amount of
Thickness | Thickness (B) | thickness Al thickness Al etched
(nm) (nm) after 1 | (nm) after 1 | (A) (nm) (A-B) (nm)
before 1% etch Etch after 1" etch | after 1% etch
etch
I 813 720 97 759 39
I 941 828 113 875 47
Average 877 774 105 817 43

The SPR 955-CM-0.9 thickness (B) was determined using the Filmetrics program, while
the combined thickness of SPR 955-CM-0.9 and Al (A) was determined with the Tencor
Profilometer. Taking the difference between A and B yielded the amount of Al etched
during each sputter etch cycle.

With the deposition thickness of the top aluminum layer being 100 nm, it was

unavoidable to not slightly over etch into the SiOy as depicted visually in Section I, Part

A., Figure 4. A slight over etch ensures that the area surrounding the resonator is air.

otherwise the final fabricated metamaterial would not have the intended absorptive

properties. This effect also contributes to the metamaterial’s configuration, specifically

the size of Al resonator, having a slight difference with the mask resonator sizes, detailed

in Table 4.
Table 2.  Etching Results for Second Cycle (60 s) of Ar Sputter Etching
Wafer C-11-34
Region SPR 955 SPR 955 A SPR 955 SPR 955 + Al | Amount of Al
Thickness | Thickness (B) thickness thickness (A) | etched A-B
(nm) (nm) after 2" | (nm) after 2" | (nm) after 2" | (C) (nm) after
before 2" etch etch etch 2" etch
etch
I 720 619 101 761 142
I 828 720 108 884 164
Average 774 669.5 104.5 822.5 153

The SPR 955-CM-0.9 thickness (B) was determined using the Filmetrics program, while
the combined thickness of SPR 955-CM-0.9 and Al (A) was determined with the Tencor
Profilometer. Taking the difference between A and B yielded the amount of Al etched
during each sputter etch cycle.
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5. Removal of Photoresist

The last process step prior to FTIR testing was the removal of the remaining
photoresist with the Trion Sirius T, Reactive lon Etcher, shown in Figure 14. The recipe,
called the “Clean” recipe for this research, was set with an RF power of 150 W, a
pressure of 250 millitorr and O, flow set at 50 standard cubic centimeters per minute.
Using this recipe in the etcher for 60 seconds reduced the SPR-955-CM-0.9 thickness on
average 516 nm. To complete the process, the wafer was placed back in the Sirius T, for
thirty seconds to remove the remaining photoresist. The complete results for SPR 955-

CM-0.9 removal rates in the Sirius T, are shown in Table 3.

Table3.  SPR 955-CM-0.9 Removal Rate
Region SPR 955 thickness | SPR 955 thickness A SPR 955
Prior to lon Etch | After 60 (s) lon Etch thickness (nm)
(nm) (hm)
I 619 181 438
1 720 126 594
Average 669.5 153.5 516

The Trion Sirius T, Reactive lon Etcher completed the removal of The SPR 955-CM-0.9
after the sputter etch process.

21




Figure 14. Trion Sirius T, Reactive Ion Etcher

The “Clean” Recipe was used during the final process step in the removal of SPR 955-
CM-0.9 photoresist. Conditions were as follows: RF power of 150 W, pressure of 250
millitorr and O, flow of 50 standard cubic centimeters per minute.

C. POST-FABRICATION ANALYSIS

Using an optical microscope coupled with the Olympus DPController program,
resonator square sizes were determined for each test run and for the fabrication of wafer C-
11-34. The DPController program captures images from the optical microscope with a
magnification up to 1000X, and allows for the observation of the general characteristics of
each fabricated wafer. The values obtained from the final fabrication can be compared to the
mask size in Table 4. The actual measured resonator sizes using the DPController program
from all the trial runs are shown in the Appendix, Part A. Part B of the Appendix contains all
images of the test run resonators taken with the DPController program. Figure 15 provides an
image of metamaterial with 17 um squares during the first test run. It can be seen that the
square size is larger than expected (17.5 um), squares are interconnected, and evidence of
light diffraction around the mask (the greenish-blue regions around the dark squares). Figure

16 shows an improvement from Figure 15 but the diffraction is much more evident, with the
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exposure time established through the light integra setting. After several test runs, the
fabrication of wafer C-11-34 produced much more consistent square sizes throughout the
tested regions (with no evidence of diffraction or waviness seen during test runs), as shown in

Figure 17.

Figure 15. Pre-Fabrication Test Run #1, Wafer C-11-34, 17 um Square

Notice that several resonators are interconnected due to an exposure time that was too
short. The light blue color surrounding the resonators is caused by light diffraction from
too large a print gap.

Figure 16. Pre-Fabrication Test Run #2, Wafer C-11-34, 17 um Square

S ]
With a slightly longer exposure time, Test Run #2 did not have any connected resonators,
but the large print gap created a significant diffraction pattern around the resonator.
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Figure 17.

Fabrication of C-11-34, 18 um Square

Note the well-defined resonator features for Wafer C-11-34, as compared to the test runs.
The dimension of the resonator, 18.1 um, is very close to the measured mask square size

of 18.0 pm.
Table 4. Final Parameters Used for Fabrication of Wafer C-11-34
Mask Unit | Actual Unit | Light Integra | Print Gap | Align Gap | Development
Cell Size Cell Size Setting (um) (um) Time (s)
(pm)
18 18.1 120 5 40 20
17 17.1 120 5 40 20
16 16.1 120 5 40 20
15 15.1 120 5 40 20
14 14.1 120 5 40 20
13 13.1 120 5 40 20
12 12.1 120 5 40 20
11 11.1 120 5 40 20
10 10.1 120 5 40 20
9 9.2 120 5 40 20

Note that the development time in CD-26 was reduced to 20 seconds from previous runs

to minimize over-etching.
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IV. EXPERIMENTAL DATA COLLECTION

A. FTIR FUNDAMENTALS

The following section will discuss the physical makeup of the Fourier Transform
Infrared Spectrometer (FTIR) and the accessories used during this research. It will also

explain the basics of the FTIR’s operation.

1. Background

An FTIR was used to measure the reflectivity of the fabricated metamaterial
wafers. The FTIR employed was a Thermo-Nicolet Nexus 870 with a deuterated
triglycine sulfate pyroelectric detector with a polyethylene window fitted with a Pike
MappIR accessory. The MappIR accessory allows for transmission (T) and reflection (R)
to be measured along the THz frequencies of interest for this research (1.5-18 THz),

allowing absorption (A) to be calculated by

A=100—R-T (6)

2. FTIR Operation

The FTIR is made up a Michelson interferometer with an arm containing a
moving mirror. This mirror creates periodic oscillations in amplitude, whose frequency is
dependent on the mirror’s velocity and the radiation’s wavelength. This movement allows
the FTIR to obtain simultaneous frequencies by using a discrete Fourier transform (DFT)
[17]. The moving mirror also leads to a phase difference between the two wavelength
dependent light paths, from which the FTIR outputs the variation of intensity (1) as path
distance (Ay) changes [17-18]. The relationship between intensity and path distance is

given by the equation (where o is the wave number)

I(Ay) = [ I(Av.o)do = [ (EXo)/ Ddo+ [ (EX o)/ 2)cos(2uoty)do (7
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The FTIR is able to output specific transmission data for given frequencies by
taking the Fourier transform of the second term, known as the interferogram, in Equation
(7) [18]. Since the phase difference between the two light paths is wave dependent, the
FTIR can obtain discrete transmission data employing a broadband IR source [18].

A reflection background measurement is taken with a gold mirror before each
measurement. Despite the FTIR being purged by dry air, it is important that a new
background be taken prior to each measurement collection period in order to remove the
inconsistent spectral characteristics of the system [17]. The OMNIC program, discussed
in the following section, compares the spectral characteristics of each sample with the
background measurement to provide consistent reflection data that can be used to extract

THz absorption of metamaterial.

B. FTIR DATA COLLECTION METHOD

The FTIR data collection method consisted of two steps. The first was setting up
the complementary programs for the FTIR, OMNIC and AutoPRO. The second was the
physical setup of the FTIR and complementary accessories to ensure the designated

region of the metamaterial is aligned with the FTIR beam.

1. Complementary Programs: OMNIC and AutoPRO

The two programs that facilitate the measurements from the FTIR are OMNIC
and AutoPRO. OMNIC provides the ability to adjust the input parameters, such as the
velocity parameter and the spectral range. The velocity parameter determines the speed
(cm/s) of the moving arm in the interferometer, while the spectral range, identified by
wave numbers from 50 to 600 units, establishes the analyzed frequency spectrum from
1.5 to 18 THz as seen in Figure 18 [18]. AutoPRO controls the movement of the MappIR
tray that aligns the desired portion of the test wafer with the aperture of the FTIR. Figure
19 shows the AutoPRO Control Main Menu, which is used to load, unload, and to
position the wafer under the FTIR aperture. A compressor must also be running to purge
the FTIR with clean, dry air to maximize both the internal optics and the measured signal
to noise ratio (SNR) [17].
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Figure 18. OMNIC Setup Parameters Window
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Parameters utilized for FTIR testing of fabricated metamaterials. Of note for the bench
parameters, the velocity establishes the speed of the interferometer’s moving arm and the
spectral range determines the frequency spectrum, which correlates to 1.5-18 THz.

Figure 19. AutoPRO Control Window
x
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The control window allows the user to load, unload, and accurately align the desired
portion of the metamaterial with the FTIR aperture. For this research, the aperture was
aligned with the center of wafer, as depicted with the small circular region seen in the far
right portion of this figure.

2. Measurement Procedures

The metamaterial measurement procedures consisted of the setup stage and

testing stage. During the setup phase, it was critical that the FTIR was set to the proper
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mode, while during the testing phase it was important that the wafer be handled delicately

to prevent it from breaking.

a. Setup

The MapplIR accessory allows FTIR measurements to be taken in either the
reflection or transmission mode, as illustrated in Figure 20. The setup shown in (a)
measures the amount of reflected THz energy from the wafer that is placed on the
MapplIR tray, while the setup in (b) measures the energy transmitted. The metamaterial
Al ground plane layer, with a deposited thickness of 100 nm, prevents transmission of all
spectral ranges analyzed for this research. Since 1 THz equates to a skin depth of
approximately 80 nm for Al, all measurements of metamaterials are collected in the
reflection mode [17]. Prior to collecting measurements via reflection mode, though, it is
necessary to verify proper operation of the FTIR by placing the MappIR in transmission
mode. Verification is done through the Bench setting in the OMNIC program, as seen

with the waveform in Figure 18.

Figure 20. Schematic of FTIR Modes
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Mode (a) demonstrates the basic operation for metamaterial testing, while mode (b) is
used to verify proper operation of the Bench setting in the OMNIC program prior to
testing. Source: [18] A.T. Phillips, “Resonant terahertz absorption using metamaterial
structures,” M.S. thesis, Appl. Phys. Dept., Naval Postgraduate School, Monterey, CA,
December 2012.

b. Testing

Once proper operation of the FTIR is verified, a background sample is taken with
a gold plated wafer in the reflection mode. Once the background is established in the

Collect settings within OMNIC, reflection data can be collected by positioning the wafer
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in the MappIR Tray and placing the FTIR in reflection mode. Figure 21 shows the
collected background and reflection of several regions of wafer C-11-34. Since we have
already proven there is no transmittance through the wafer, Equation 6 can neglect the T
and becomes

A=100-R (8)

The reflection data collected by OMNIC can be converted into absorption by
using Equation (8).

Figure 21. OMNIC Data Collection Window
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Measurements from regions 1-10 of Wafer C-11-34, depicted by the generally smooth
colored lines with singular inverse reflection peaks. Note the background measurement in
blue. Although the X-axis is labeled as % transmittance, the FTIR is actually providing a
reflection output since the MappIR accessory is set to reflection mode.
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V. ANALYSIS

A. CONSTANT PITCH, VARYING SQUARE SIZE METAMATERIAL

The first metamaterial configuration discussed will be the constant pitch (21 pum),
with a variable resonator square size, designated in this text as Wafer C-11-34. The

resonator square sizes ranged from 18 um to 9 um, in increments of 1 um.

1. General Observation of C-11-34

The measured absorption as a function of THz frequency for C-11-34 is shown in
Figure 22. General observation shows several interesting characteristics for this
metamaterial with respect to resonant frequencies and absorption values. Also of note,
there are several resonant modes for each metamaterial. The main mode for all
configurations under study is located within 3 to 8 THz, with at least one more mode
observable for each configuration. While these modes at frequencies greater than 10 THz
have lower absorption, their presence can be related to coupling between square elements
and other factors that require further study [24]. This research was primarily focused on

the main mode for each metamaterial as shown in Figure 23.

Clearly, the resonant frequency increases as the resonator square size decreases. If
we assume that the resonant absorption in a metamaterial can be described by a RLC

model [11, 18], then resonant frequency (@,) can be related to inductance (L) and

capacitance (C) by the following equation

%=Tc ®

where C is given by the equation

C=cd/d (10)

where A is proportional to the area of the square, ¢ is the dielectric constant of SiOy, and
d is the thickness of dielectric (SiOy) layer. From these equations, it is possible to infer
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that the resonant frequency is inversely proportional to the square size, which agrees well

with the measurements as shown in Figure 24. The linear fit in Figure 24 is given by
F=2072+6596(1/5) (11)

where s represents the square size in pm and F is frequency in THz. This relation can be
used to estimate square size needed for a desired frequency in the frequency range.
Further analysis must be conducted to verify the accuracy of Equation (11) for

extrapolating into the infrared and or visible range.

Figure 22.  Absorption vs. Frequency for Constant Pitch, Varying Square Size
Metamaterial (C-11-34)

100 | -

80

60

40

Absormption (%)

3 4 5 6 7T 8 9 10 1 12 13 14 15 16 17 18

Frequency (THz)

Absorption as a function of THz frequency for Wafer C-11-34, with resonator square size
ranging from 18 pm to 9 um. The pitch (21 um) was held constant for each region. Each
curve represents decrease of square size by 1 um, starting with the 18 um resonator
(black curve) through the 9 pm resonator (orange curve). As the square size decreases,
there is a mostly steady decrease in peak absorption, while peak frequency increases.
Although this research is primarily focused on the primary mode between 3-8 THz, note
the other modes from 10-18 THz with lower absorption peaks.
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Figure 23. Main Mode Absorption vs. Frequency for Constant Pitch, Varying
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Absorption data for the main mode of C-11-34. Note the shift in peak absorption
frequency from the 18 um square (black curve) to the 9 um square (orange curve).
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Figure 24. C-11-34 Frequency vs. Inverse Square Size
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Frequency with respect to the inverse of the resonator square size follows a mostly linear
trend. Using a RLC model, an increasing square size increases the overall capacitance
through its larger area; therefore, the smaller the resonator, the higher the resonant
frequency. The linear fit is given by the following equation: F = 0.2072 + 65.96(1/s),
where s is the square size (um) and F is frequency in THz.
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2. Absorption Characteristics of C-11-34

Maximum absorption occurred for the 18 um resonator. As square size decreased,
peak absorption generally decreased. Physically, the 18 um resonator has the smallest
gap between unit cells. It also has the largest fill factor, which is a dimensionless ratio
between the area of the Al resonator square and the total unit cell area. It is clear that as
fill factor also goes down peak absorption goes down as shown in Figure 25.

Interestingly, though, the total absorption under each curve was relatively
constant for all square sizes. Within the first mode for all metamaterials, a slight
broadening of each absorption curve is evident as the peak absorption decreases. Despite
the reduction of peak absorption as the square size decreases, the broader curves lead to a
relatively constant area under each curve, when the integral is taken from across the main
mode. Figure 26 shows an integrated absorption of about 70 in units of %.THz for all

samples except for the one with a square size of 18 um.

Figure 25. C-11-34 Peak Absorption vs. Fill Factor and Gap
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Fill factor (a) is the dimensionless ratio of the area of the resonator vs the area of the unit
cell, while gap (b) is the distance between each unit cell. A larger fill factor clearly leads
to higher peak absorption. Conversely, a larger gap, and thus a smaller fill factor, leads to
a smaller peak absorption.
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Figure 26. C-11-34 Area Under Absorption Curve vs. Fill Factor

10 ————————7 7

90 | -
80 |- -
70 |- " a2 = = =
60 [ ] —
50 -
40 -

30 -

Area Under Absorption Curve (A.U.)

20 . 1 . 1 . 1 . 1 . 1 . 1 .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fill Factor

The area under the absorption curve can be seen to be relatively constant for all
metamaterials with the resonator square size from 18 pum to 9 um. This is somewhat
evident through inspection of Figure 23; as peak height decreases, the full width half
maximum increases.

a. Refraction Index Dependent on Frequency

The experimental data was compared to the initial COMSOL simulations,
showing that simulated and measured peak absorption frequency values were slightly off.
Since all geometric parameters in COMSOL were the same as C-11-34, conductivity of
Al is high (>10” S/m) and the SiO, extinction coefficient (k) is low (< 0.05), the most
impacting adjustable parameter on the resonant frequency is the real part of the refraction
index (n) since it affects the capacitance. For all simulations of Wafer C-11-34 regions, n
was initially set to 1.9 [11, 19, 20]. By comparing the experimental peak to the initial
simulated peak, the actual value the index could be determined by using the convenient

linear relationship given by
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A

My =Wy ¥ — (13)

7 2
where n; is the initial COMSOL refraction index (1.9), f; is the initial COMSOL peak
frequency, and f, is the experimental data peak frequency. The linear dependence of
frequency with refractive index is expected since based on Equation (12), the resonant
frequency is inversely proportional to the capacitance, which depends on the square of
the refraction index (since & ~ n?). The n in the region of interest (3-8 THz) goes up
nearly linear fashion as frequency increases, as can be seen with the linear fit in Figure

27. The straight line in Figure 27 is given by
n=1714+0.0602( /).3THz < f <8THz (13)

Figure 27. Refraction Index (Real Portion) vs. Frequency for C-11-34
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Since frequency varied with square size for Wafer C-11-34, COMSOL was able to be
utilized to determine the real part of the refraction index by comparing the experimental
data to the initial COMSOL simulations. Initial COMSOL simulations were adjusted
accordingly through adjusting the dielectric’s real value to match the peak frequency of
the experimental data. This lead to a relatively linear data set for Re (n) vs frequency, as
shown above and given by the equation: n =1.714 + 0.0602 (f), 3 THz < f< 8 THz.
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A comparison of simulated absorption spectra using both the initial and corrected
values of n, along with the experimental (actual) measurement for 15 pum square size
metamaterial, is shown in Figure 28. As expected, the peak frequency of the experimental
result matches well with the simulated measurement using the corrected index of

refraction.

Figure 28.  Example of the Refraction Index Adjustment Between Simulation
and Experimental Data
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A visual depiction demonstrating how the actual value of the refraction index (n) was
determined for the 15 um metamaterial. The black arrow represents the shift of the
COMSOL FE simulation from the initial value of n of 1.9 (green curve) to the corrected
value of 1.985 (red curve). The peak frequency of the red curve matches well with the
experimental data (blue curve). This process was used for each metamaterial to determine
the variation of n with frequency to establish Equation 13.
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b. Resonant Circuit Model

The experimental data was compared to a theoretical model equating the behavior
of a metamaterial to an LRC circuit with R being total resistance, L total inductance, and
C total capacitance [11]. For this model, the equivalent circuit is composed of a capacitor
in parallel with a resistor and inductor in series. According to the model, the full width
half maximum (FWHM) was 2I" = 2(v + y), where v = R/2L, y = p%/2CZ,, and resonant
frequency was a, =1/J/LC [11]. Z, = 377 Q, and is the impedance of the free space.
Because there is assumed zero transmission through the metamaterial, the impedance
boundary condition was established, allowing the absorption spectrum of a metamaterial
to be given by

vy

A=1-R= - .
(x— @) +(v+y) 14

At resonance, @ = a, and the maximum absorption is given by Ama = 4vy/I’>. Equation
(14) can then be rewritten as:

Amaxx 2
(- ) +T°

Alw)= (15)

Using the peak absorption, FWHM, and resonant frequency from the experimental data,
it is possible to plot a theoretical absorption spectrum using Equation 15. Figure 29
shows a comparison between the theoretical plot and experimental data for the
metamaterial with 18 um square size. While this does not give explicit values of L, R,
and C, it is interesting to note that the experimental data agrees well with the Lorentzian

line shape predicted in the circuit model [11].
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Figure 29. Resonant Circuit Model vs. Experimental Data
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The black curve represents the experimental data of 18 um square metamaterial, while
the red-dotted curve represents the plot using Equation 15. Notice that the experimental
data confirms the Lorentzian line shape predicted by the LRC model. Source [11] A.
Sellier et al., “Resonant circuit model for efficient metamaterial absorber,” Opt. Soc. of
Amer., vol. 21, no. S4, pp. A997-A1006, Oct. 2013.

B. CONSTANT SQUARE SIZE, VARYING PITCH SIZE METAMATERIAL

The second metamaterial configuration discussed has a constant square size (12
pum), with a variable pitch, designated in this text as C-11-31. The pitch sizes ranged from

14 um to 29 pm, in increments of 3 um, and 29 pm to 53 um in increments of 6 pm.

1. General Observation of C-11-31

The measured absorption spectra for the metamaterials in C-11-31 are shown in
Figure 30. General observation shows several interesting characteristics for this set of
metamaterials as well with respect to peak frequencies, absorption values, and resonant

modes.
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Figure 30. Absorption vs. Frequency for Constant Pitch, Varying Square Size
Metamaterial (C-11-31)
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The experimental absorption spectra for wafer C-11-31, with the pitch ranging from 14
pm to 53 pm as denoted in the legend. The square size (12 pum) was held constant for
each region. As the pitch increases, there is a mostly steady decrease in peak absorption,
while peak frequency is relatively constant. Although this research is primarily focused

on the primary mode between 3-8 THz, note the other modes from 10-18 THz with lower
absorption peaks.

2. Absorption Characteristics of C-11-31

Peak frequency stayed relatively constant for all metamaterials in C-11-31. As
discussed earlier, resonant frequency is inversely proportional to resonator square size, so
it would be expected that resonant frequency remains nearly constant. The resonance
peak frequency with respect to fill factor is shown in Figure 31, confirming this behavior.
An interesting phenomena, though, is the slight non-linear shift in peak resonant
frequency from the 14 um to 26 um pitch metamaterials. This can be viewed with clarity
in Figure 32. While the exact mechanism for this result is unknown, it should be noted
that as the fill factor decreases, the resonant frequency is much more consistent. This
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suggests that the effect of coupling between adjacent cells plays a factor in the resonant
frequency variations when the gap between the adjacent squares is smaller. For this
research, it appeared that a gap around 14 um was the point at which coupling was

minimized.

Figure 31. C-11-31 Peak Frequency vs. Fill Factor
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The frequency was relatively constant for C-11-31 as was expected for a resonator with a
constant square size.
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Figure 32. C-11-31 Absorption vs. Frequency for the Main Mode
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The main mode absorption vs frequency characteristics for Wafer C-11-31. Note the
slight non-linear shift in peak frequency from the 14 um - 26 um pitch. From 29 pm - 53
pum the resonant frequency was relatively constant.

Maximum absorption occurred for the metamaterial with the highest fill factor,
similar to the results for Wafer C-11-34. As the gap goes up, and hence fill factor, goes
down, absorption magnitude goes down as well. The relationship for absorption
magnitude with fill factor and gap is shown in Figure 33. It should be noted that C-11-31
had a much wider range of fill factors, making it difficult to compare the metamaterials of
both wafers against each other. Figure 34 shows an overlap of the absorption peak vs. gap

size for both C-11-31 and C-11-34. While they do not align completely, there is a

consistent trend between the two samples.
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Fill factor (a) is the dimensionless ratio of the area of the resonator vs the area of the unit
cell, while gap (b) is the distance between each unit cell. A larger fill factor leads to
higher peak absorption. Conversely, a larger gap, and thus a smaller fill factor, leads
smaller peak absorption.

Figure 34.
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Both wafers had mostly consistent results with respect to the gap size and the peak

absorption.
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VI. CONCLUSION

This research began by utilizing COMSOL FE simulations to investigate the
absorption characteristics of Al/SiO /Al metamaterial absorbers with a main mode
resonance between 3-8 THz. Two configurations were studied, one with a constant pitch
and variable resonator square size, the other with a constant resonator square size and
variable pitch. Once the FE simulations provided a baseline for the desired unit cell
geometry, several trials were conducted for the photolithography, development, and
etching processes utilizing the microfabrication devices in the NPS clean room. Process
times were established through these trials and were utilized in the final fabrication of a
constant pitch, variable square size metamaterial. The fabrication of this metamaterial
marked the first time the entire etching process was completed in the NPS clean room for
an Al/SiO,/Al metamaterial absorber. After fabrication, FTIR testing was employed to
determine the absorption characteristics for each metamaterial configuration. Analysis of
the FTIR testing revealed several modes of absorption for each metamaterial, although
this research was focused on the main mode. Interestingly, the experimental data matched
with a previously developed theoretical resonant circuit model and demonstrated the
linear relationship between a metamaterial’s refraction index and its resonant frequency
[11].

The results provide groundwork for the SRL to fabricate an uncooled bi-material
sensor using metamaterial resonant absorbers. Ideally, a bi-material thermal device can
be maximized using the analysis from the two metamaterial configurations investigated
during this research. Ultimately, simplifications in the fabrication process, along with less
expensive, more prevalent THz radiation sources, can make THz sensors widespread for

a wide variety of naval security and imaging processes.
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APPENDIX. ADDITIONAL FABRICATION DATA

TEST RUN DATA

Table 5. Pre-Fabrication Test Run # 1

Mask Unit Actual Unit
Cell Size Cell Size
(um)
18 18.7
17 17.5
16 16.5
15 15.3
14 14.3
13 13.5
12 12.3
11 11.1
10 10.3
9 9.2

Light Integra Setting 100, Print Gap 40 pm, Align Gap 50 pm, and Development Time
60 seconds.

Table 6. Pre-Fabrication Test Run # 2

Mask Unit Actual Unit
Cell Size Cell Size
(um)
18 18.3
17 17.1
16 16.2
15 15.3
14 14.9
13 13.9
12 12.5
11 11.8
10 10.5
9 9.0

Light Integra Setting 105, Print Gap 40 um, Align Gap 50 um, and Development Time
60 seconds.
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Table 7.

Pre- Fabrication Test Run # 3

Mask Unit Actual Unit
Cell Size Cell Size
(m)
18 18.5
17 17.6
16 16.5
15 15.7
14 15.1
13 14.0
12 13.0
11 11.9
10 10.9
9 10.2

Light Integra Setting 110, Print Gap 10 um, Align Gap 50 um, and Development Time
60 seconds.

Table 8. Pre-Fabrication Test Run # 4
Mask Unit Actual Unit
Cell Size Cell Size

(m)
18 18.3
17 17.7
16 16.5
15 15.7
14 15.1
13 14.1
12 12.7
11 11.6
10 10.8
9 9.6

Light Integra Setting 115, Print Gap 10 um, Align Gap 50 um, and Development Time
60 seconds.
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Table 9. Pre-Fabrication Test Run #5

Mask Unit Actual Unit
Cell Size Cell Size
(Hm)
18 18.0
17 17.1
16 16.3
15 15.5
14 14.3
13 13.3
12 12.1
11 11.3
10 10.3
9 9.2

Light Integra Setting 120, Print Gap 10 pum, Align Gap 50 pm, and Development Time
60 seconds.

TEST RUN IMAGES

Figure 35. Pre-Fabrication Test Run #1, Wafer C-11-34, 17 um Square

*

Notice that several resonators are interconnected due to an exposure time that was too
short. The light blue color surrounding the resonators is caused by light diffraction from
too large a print gap.
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Figure 36. Pre-Fabrication Test Run # 2, Wafer C-11-34, 17 um Square

With a slightly longer exposure time, Test Run #2 did not have any connected resonators,
but the large print gap created a significant diffraction pattern around the resonator.

Figure 37. Pre-Fabrication Test Run # 3, Wafer C-11-34, 17 um Square

A reduced print gap to 10 um from 40um eliminated diffraction, yet the resonators were
clearly distorted and larger than expected. The exact reason for the waviness of the
resonator outer edges was not determined, but could have resulted from an unclean mask.
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Figure 38. Pre-Fabrication Test Run # 4, Wafer C-11-34, 17 um Square

Test Run #4 increased the exposure time from the previous test run with no improvement.
The mask was cleaned with acetone and isopropy! after this test run.

Figure 39. Pre-Fabrication Test Run # 5, Wafer C-11-34, 17 um Square

Test run #5 produced a resonator with its size within 0.1um of the mask size. Notice that
the resonator edges are also much smoother from previous test runs. The small
perfections resulted from the mask having small residue from the acetone and isopropyl
wash. This effect was successfully eliminated during the fabrication of Wafer C-11-34.
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Figure 40. Fabrication of C-11-34, 18 um Square

Note the well-defined resonator features for Wafer C-11-34, as compared to the test runs.
The dimension of the resonator, 18.1 um, is very close to the measured mask square size
of 18.0 um
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