22nd Annual Review of Progress in Applied Computational Electromagnetics = March 12-16, 2006 - Miami, FL '2006 ACES

Modeling I nfrared Frequency Selective Surfaceswith Frequency Dependent
Materials

James Ginn *, Brian Lail %, David Shelton®, Jeffrey Tharp®, William Folks', and Glenn Boreman*

! College of Optics and Photonics
University of Central Florida, Orlando, FL 328165A
jcginn@mail.ucf.edy dshelton@creol.ucf.edystharp@creol.ucf.edwfolks@creol.ucf.edy
boreman@creol.ucf.edu

? Department of Electrical and Computer Engineering
Florida Institute of Technology, Melbourne, FL 329QUSA
blail@fit.edu

Abstract: With the emergence of infrared frequency selectiwdaces (FSS), the increasing need for accurate
characterization using numerical modeling priodévice fabrication has exposed limitations in ttaelitional
modeling procedures used for lower frequency FSSgds. To impove full-wave FSS models at IR, a
procedure to measure and integrate frequency depenahterial properties in modeling is described.
Measured and modeled results are presented fonarestpop FSS on a ZpQ@lielectric and modeled
results are presented for a similar design on atiplaubstrate, illustrating the need to account fo
frequency dependent material properties for aceyeddiction of FSS performance.
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1. Introduction

A Frequency Selective Surface, or FSS, is madef apperiodic arrangement of resonant structureshier
purpose of spectral modification of reflected @ngmitted incident radiation. The resonant propertif these
structures are largely dependent on both the streistlayout, in terms of structure dimensions padodicity,
and the structure’s material properties. Thus, dnyimg a structure’s layout or material propertiess possible
to tune the resonant point of an FSS to meet gpet@sign requirements.

Since the 1960s, FSS structures have been sudbesdésigned and implemented for use in RF
applications. With growing interest in adapting Ién@quency antenna layouts for infrared (IR) apmdlmns,
several FSS designs have been fabricated and festading designs using dipoles [1], crosses 2|l square
loops [3]. To limit the need for repetitive fabricam and testing, many commercially available nuoagr
electromagnetic solvers have been successfully tsseabdel and characterize FSS designs at IR [Ag &f
the greatest limiting factors of IR FSS modelingwkver, has been the assumption that materiaR axlhibit
electromagnetic properties independent of frequemcgditionally a valid assumption at RF, the migyoof
materials common to FSS fabrication exhibit measerdrequency dependence (FD) at IR - resulting in
significant modification of the device’s resonahtitacteristics. Furthermore, most commercial edetagnetic
solvers used in FSS characterization require frecpuédependent material definitions exclusivelypoovide
only a limited means to account for frequency delpace.

To overcome this limitation, this paper presentsaedure to account for FD material propertielRifrSS
modeling. Material measurement using an Ellipsomeiad integration of FD materials in existing
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commercially available full-wave modeling packadsesdiscussed. In addition, the paper includes amaly
showing significant improvements in modeled results

2. Implementation

Before modeling an IR FSS design, materials usethfrication must be first characterized for tHel
electromagnetic properties. While FD propertiesnfiany materials have been previously published,
inconsistency in measurement approaches, variaderial deposition techniques, and erratic frequenc
characterization requires direct measurement oénads for the highest accurate modeling possibleus, a
J.A. Woollam Infrared Variable-Angle SpectroscoBlipsometer (IR-VASE) was utilized to measure the
optical properties of each material used in falidceof the FSS. For metals, deposition of the fredta
desired thickness on a known substrate, suchiaesrsiis recommended for accurate characterizakon.
dielectrics, characterization of the actual pieseduin fabrication before metallization is recomdesh- both
for determination of optical properties and accairatasurement of the dielectric’s thickness. Obtica
properties of each material are measured from pesited samples, analyzed using software provigetido
manufacturer, and stored in a shared network ftspreadsheet.

To carry out modeling, a MATLAB function was creat® utilize the measured FD material properties.
The MATLAB function consists of three major compate— User Interface (Ul), Solver Independent Code
(SIC), and Solver Specific Code (SSC). The Ul congmt of the code provides the interface necessanyser
input and real time presentation of results. TH& &mponent interprets the users input, reads Flermab
properties from the shared network library, and@e result files and directories. The SSC compomewides
functionality to interface with a specific exterrdéctromagnetic solver and to interpret the resydnerated by
the solver. The function’s layered approach isrdé as it allows for easy integration of multiple
electromagnetic solvers without changing the USIE. Currently, Ohio State’s Periodic Method of Mamts
(PMM) and Ansoft Designer, both Method of Momeridbrsers, are supported.

Solutions for frequency dependent material dessgasealized using frequency point by point simatat
To improve performance, programs are provided witemplate specifying initial geometry. Step mautgis
achieved by populating the desired template witkene properties at each frequency step and cgllie
necessary solver. In the function’s current impletagon, PMM setup files, written in FORTRAN, arieattly
modified at each step, whereas Designer setupuiléze a proprietary file format and require miochtion
using VBScript to directly interface with the moithgl program. Results are then stored for each &equstep
in a spreadsheet and the Ul is updated in real-trmimmary of the program is provided in Fig. 1.

Ellipsometer | ——> | Ellipsometer ——> | Shared Network
Analysis Software Material Library

MATLAB
PMM

<«— | SSC | sIC

) Design Parameterg
Ansoft Designer | <——=> | SSC | Ul
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<—> | SSC SIC — S
Solver #3, etc.

Modeling Results

Fig. 1.Implementation of frequency dependent modk.
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In addition to support for FD materials, the depeld MATLAB function further enhances all of the
solvers by adding new capabilities. Most signiftcahthis new functionality, especially from theastpoint of
the user, is the fact that parameter input, uderfaces, and results are all presented identicatiprdless of
the chosen solver. Neutral presentation is desiratblower the learning curve necessary to modeh as the
need to learn FORTRAN for PMM or the Ansoft produlitfor Designer, and improves post processing and
sharing of data between solvers. The function atids the ability to specify variable parametric spgand
auto-renders the design in 3-D - functionality agailable in some commercially available solvens|uding
PMM. Current plans include support for additionalvers, auto-generation of geometries, adaptiversp| and
design optimization.

3. Example Results

For verification of the need to account for FD miafeproperties in FSS modeling, a square loop BBS
ZrO,, (Fig. 2) was fabricated and tested using a RagliemIn addition, the same design was modeledjusin
PMM assuming frequency independent materials ardguthe MATLAB function following the process
outlined in the previous section. Fig. 3 is a mibthe modeled and measured emissivity of the F8&n the
figure, the FD model provides an improved indicataf the device’s measured behavior over the freque
independent model including a better bandwidth mdtom 3-6 um, accurate prediction of the device’s
resonant point aroundufn, and improved agreement from 8 toyim.

—=— Measured
---PMM
—PMM FD

CREOL-IR 7 8 9 10 11 12 13 14
Wavelength [um]

Fig. 2. SEM image of fabricated square loop Fig. 3. Measured, frequency independent PMM, and
FSS on Zr@ frequency dependent PMM results for square loop 18S
ZrOZ.

From the standpoint of mass production of an IR ,A8®-traditional stand-off layers, such as plastic
would be highly desirable to lower fabrication spshowever, most plastics exhibit significant freqcy
dependence and numerous loss bands at infraregvdloate FSS behavior on a plastic dielectric, laarot
square loop FSS was modeled (Fig. 4) using bothxeal f lossless permittivity dielectric and the cdexp
permittivity of a sample plastic measured from Eigpsometer (Fig. 5). When assuming a fixed petiwaity
dielectric, the square loop FSS was easily optichifar high emissivity from 5 — §m simply by scaling
existing designs and models. Running the same ma@hg the developed MATLAB function and accougtin
for the frequency dependence of the plastic, th® feBains some of its original behavior with theaduction
of a high emissivity band between 8 —ufh and a sharp dip in emissivity around fS. From a design
standpoint, this new behavior can significantly rae the potential applications of the FSS by efffett
expanding the device’s emissivity band and intragy@n undesired dip in the middle of that banderEwith
the measured optical properties, predicting these tmends before testing is clearly problematic mviasing
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only a frequency independent model. By includingarial frequency dependence, further design optition
can occur with a reasonable expectation of accuaady thus, a reduction in the need of costly &altion and
measurement.
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Fig. 4. Frequency independent PMM and frequency Fig. 5. Frequency dependent index of refraction
dependent PMM results for square loop on plastic.  (n,k) of plastic dielectric from Ellipsometer.

In addition to modeling results, run time data floe model from Fig. 3 was also collected for each
program and summarized in Table 1. As expected,usge of frequency dependent materials through a
MATLAB function has resulted in an overall increaské run time, however, the increase can largely be
attributed to additional time required to copy theasured permittivity values from the shared drdxgract the
results, save the results to an spreadsheet &tegrgte of the function’s GUI, and launch and clbsedesired
solver. Designer especially suffers due to theiredueliance on VBScript and the need to scarte¢hgorary
results directory to find solution data. Overdlle increased runtime is acceptable due to theasergn model
accuracy and additional program functionality.

Table 1. Comparison of r times for a Square Loop FSS usin( frequency point

Program Frequency IndependenFrequency Dependent
Runtime Runtime

PMM 177 s 238 s

Designer 552's 1291 s

4. Conclusions

A procedure for the accurate characterization @fiequency selective surface design for use at riefta
frequencies has been developed using frequencyndept materials. The procedure requires the usenof
Ellipsometer and a custom MATLAB function to intece with several commercially available electronedign
solvers. Comparison of modeled and measured dateS8 designs on ZrO2 substrate and plastic stdbstra

illustrate the significance of accurately modelingaterial properties versus frequency in performance
predictions.
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