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Abstract—A genetic algorithm is used for design of infrared
filters and in the understanding of the materia! structure of a
resonant tunneling diode. These two components are
examples of microdevices snd nanodevices that can be
numerically simulated using fimdamental mathematical and
physical models. Because the number of that can
be used in the design of one of these devices is large, and
because experimenta! exploration of the design space is
unfeasible, refiable software models integrated with global
and engineering design codes have been implements on
massively parsilel computers to exploit their high
performance. Design results are presented for the infrared
filter and a resonant tunneling diode.
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1. INTRODUCTION

The NASA/IPL goal to reduce payload in future space

missions while increasing mission capability demands
miniaturization of active and passive sensors, amalytical
instruments and commnmication systems among others.
Omentlytypxcalsymmreqwementsmchde!hcdmanon
ofparhcuhrspecuﬂlmcs,assocuteddaupmeesmg,md
data to other systems.
Advances in lithography and deposition methods result in
maore advanced devices for space application, while the sub-
micron resolution currently available opens a vast design
space. Though an experimental exploration of this
mdanngdumspaee—-aarchmgforoptmmdpuﬁummce
by repeated fabrication efforts—is unfeasible, it does
motivate the development of reliable software design tools.
These tools necessitate models based on findamental
physics and mathematics of the device to accurately model
effects such as diffraction and scattering in opto-clectronic
devices, or bandstructure and scattering in heterostructure
devices. The software tools must have convenient turmn-
around times and interfaces that allow effective usage. The

first issue is addressed by the application of high-
performance computers and the second by the development
of graphical user interfaces driven by properly developed data
structures. These tools can then be integrated into an
ophmm::dmironment,mdwﬁhtheuvlﬂabkmmy

speedcfhxghpaﬁmm

well as heterostructure device design will be presented.

The first application involves detectors and filters of Jong-
wavelength infrared radiation that are under development for
a widc range of applications. Over this band (3-18 pm)
applications range from spacchome sensors used in the
examination of absorption spectra to ground based hand-held
digital cameras. fields that interact with
active quantumn well layers or are filtered by periodic
structures are modeled by Maxwell’s equstions and
discretized by finite clement methods. An integrated design
involves CAD generation of the microdevice structure,
generation of a mesh that will discretize the fields, an
accurate solution of the el ic fields, and
visualization of the resultant field solution. This suite of
tools is then integrated into a parallelized genetic algorithm
package for design optimization.

The second application involves the heterostructure device
design and involves the choice of material composition,
layer thicknesses and doping profiles. A general-purpose
quantum-mechanics based one-dimensional design and
analysis tool is used for modeling. As in the above
application, this tool is integrated with the parallelized
genetic algorithm package for design optimization.

2. OPTIMIZATION V1A GENETIC ALGORITHMS

Due to the number of parameters involved in instrument
design and the broad classes of design optimization needed,
global optimization aigorithms are considered. A key
congideration in ugsing global methods is that thay optimize
over a carefully defined set of parameters where each
parameter is confined to a limited range. Though local
optimization methods can be employed, they have been
found to be highly dependent on starting points, and are
typically more successful when the solution space is a
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relatively smoothly varying function of the design
parameters. In the device models considered in this paper,
the solution space is non-linear and can appear to be nearly a
discontimpous fimction of the design parameters over regions
of the design space. The local methods deploying gradient
searches are then difficult to employ for such multi-parameter
optimization.

Genetic algorithm optimization employs stochastic methods
modeled on principlies of natural selection and evolution of
biological systems [1,2]. They are global, multi-parsmeter
and do not require constraints on comtinuity of the solution
space. They have been introduced in electromagnetic design
and modeling over the last 5 years [3-6] in the relatively
diverse areas of antenna design, filter design and the design
of scattering structures. The work in electronic structure
modeling and optimization is more recent [7-9]. At JPL an
effiet is underway to advamce the capsbilities for
electromagnetic and electronic structure modeling of select
microdevioe structures. A genetic algorithm package that is
casy and flexible to use is part of this effort.

A genetic algorithm optimization package comsists of a

1

2

3.

4. Selection of subset of population.
5. Reproduction through crossover and mutation.

6. g‘v;l:aﬁonofﬁmm function and convergence

This process is diagrammed in Figure 1 and is the basis for
a general package. Becanse cach step in this sequence
would require varisnts dependent on the problem being
optimized, 2 long-term goal is to provide a software
framework that is suitable for the select class of design

Figure ! Genetic Algorithm flow diagram. (From [5].)

problems considered in this paper. For example, an
interface into the range and types of parameters encountercd
{real-valyed device dimension values, integer valued number
of layers, or expoment based dopant densities) is to be
developed. Similarly an effective means for introducing the
fitness function evaluation, ie. the actual calculation of the
electromagnetic or electromic structure result is necessary.
This step requires the insertion of large complex codes,
typically written in C or Forfran with associated complex
input sets, into the software framewark. Ideally there would
be little modification of the solver codes when using the
genetic algorithm package.

One of the most important stages of the optimization
pxocmxsthesomdpmmammmofﬂxedwgnmd
resultant encoding of the paremeterization into a
chromosome. The parametecs need to be chosen from the
design space in an effective manner, limited in range to a set
that is physical, and encoded in a meaningful way. For
example, the critical device dimensions arc typically used,
as well as the device material values. If a grid based
slgorithm such as a finite element solver is used the
geometry must be properly parameterized at the CAD stage
before a mesh is gencrated. The geometry should vary in
mesningful steps such that known electromagnetic or
electromic properties will vary & non-vanishing amount.
This variation of geometry or material parameters maps into
the stages of population initialization and reproduction
through mutation. By allowing variations in the dimensions
or materials that produce physically different results, fewer
genes need to be stochasticaily sampied and convergence to
an optimum result can occur quicker. Similerly, how the
parameter is encoded into a gene is important, For example
encoding a real parameter into a binary string or using real-
valued encoding is itself a tradeoff [6). In general, efficient
convergence of the optimization algorithm will heavily
depend upon the initial psrameterization and encoding of the
design.

A number of genetic algorithms and packages exist that fit
the structure outlined in Figure 1. The key needs for the
wotk in this paper are that the package be flexible enough to
allow a range of design parameterizations and be able to
exploit high performance computers. First, the different
parameterizations and encodings, as well as mutation
strategies need 10 be easily available. Secondly, because the
cajculations of the fimess function involve electromagnetic
and eclectronic structurc calculations that can be quite
intensive, executing the genetic algorithm on massively
parallel computers is essential for high-fidelity models.
These points are in PGAPack, a parallel

genetic algorithm library [10]. This package consists of &
moflihuymmmumpptymgtheummumplelevehd
control over the optimization process. The Jevels vary from
default encodings, with simple initialization of parameters
and single statement execution, to the ability to modify, at
low-level, all relevant parsmeters in the optimization
process. User written routines for evalustion or crossover
and mutation can also be inserted if The package
swmnusmgﬂzeMusagePassmghuﬁce(MH)fur
parallel execution on a number of processors. A master
process coordinates the chromosome initialization, selection



and reproduction while slave processes calculate the fitness
function, including the execution of the electromagnetic or
electronic structure code on different processors. For global
optimization of realistic structures, the use of high-
pesformance computers is essential to allow designs in a
reasonable amount of time. The bottleneck of the
optimization process is the electromagnetic or electronic
structure code calcuiation. This result is then uged in 8
calculation of a fitness fimction (the difference between the
calculated and desired result) that is minimized. It is also
important that the engineering code be optimized to speed
the overall time to design.

3. ELECTROMAGNETIC MODELING OF
INFRARED FILTERS

Two clectromagnetic modeling applications are currently
being considered for optimization, The first involves design
of multi-bandwidth infrared filters for multi-spectral imagers.
The second involves the design of light coupling structures
for quantum well infrared photodetectors and uses finite
element modeling of Maxwell’s equations. This application
will not be considered in this paper; the filtering application
will be given in detail.

Multi-Spectral Filtering

A multi-bandwidth infrared filter array consists of an amay
element within a two-dimensional periodic csfl. The filter
bandwidth, center frequency and polarization properties are
dependent upon the shape and size of this element. Different
element shapes are used for different applications depending
on the design specification. To model a single layer
frequency selective surfice, a calculation for the induced
current on the metallic periodic array deposited on a layered
substrate is performed. To model the multiple layering of
the design, the scattering parameters due to each screen are
cascaded in a separate calculation. The frequency selective
surface analysis uses sub-domain basis functions to model
the current in a periodic cell. An overview of the analysis is
now developed [11].

Geometry of crossed-slot frequency
sclective surface. Plan view and side views arc
shown.

Figwe 2.

Single Layer Freguency Selective Surface Analysis

The geometry of a crossed slot periodic surface is shown in
Fig. 2. Periodicities are 7, and 7,, in the non-orthogonal
(M.7,) coordioate system. Multiple dielectric layers are
included below and above the metal slot aray. The

scattered electric field in all space due to an induced current
may be found from the source-field relationship

E(.2)= ——(VV+ K1) A(p.2) o
joe

where the vector potential is

,u
Ap.0)=[_I @0 —dp )

and the distance R is [(x—x')’ +(y—)y")? + 222
(The cumrent lies in the plane z' = 0 without loss of
generality)  Congistent with Floquet's condition, the
support of the current may be reduced from that existing
over the entire plane z' = ( to that of one cell, ie.,

o= Yita® o9

. e

J.. = [T(Y¥.(p)dp’ @b)
a&s

and where the transverse component of the mnth Floquet
harmonic is

1 _
W O
m@ (1;7;)1[2 e (4)
The associated propagation constant is
Ky =%k, + 5k, G)
where
2n
k =—m+k 6a
X 7; m Xy ( )
2
k, ==n+k, (6b)
T,
The z component of the propagation vector is
k‘.“ = (k2 __.kﬂ —k-i )112
™

and the negative imaginary branch is taken when
K +k, > K.
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Equation (3) defines a transform pair and is recognized as the
Fourier series representation of the induced cument
multiplied by the phase of the incident field A direct
construction of the scattered field in terms of the Floquet
harmonics involves the transform of the free-space Green's
function.

e BR

Hd e*P-B) gE
4nR  (2x) I 2jk, @

where the propagation vector is continuous. Substituting the
Floquet xep:uennuon of the current (3a) along w:th the
Fourier representation of the Green's function into the
potential resuits in

& T I
2jk,

-

A(p,7)= 2 I,—Y,.® ©

Summations and integrations have been imterchanged, and
use has been made of the transform pair

_E)

dp = 8(k_,

1 j l(&.. -k} 5 (10)

@n)’

Completing the indicated differentiations of (1) results in the
representation of the scattered electric field

. | S k, Ao
E(”'Z)'—zzjk [—k,_k k"-k ]J Fon Ple

o T Tt RN

1)
The scattered magnetic field may be similarly found from
the relation

H(P.2)=VxA(P,2) (12)

The Impedance Boundary Condition

To account for Josses in the metallic material, an impedance
boundary condition is used. A rigorous examination of non-
perfoctty conducting surfaces would roguire the calcubmion of
induced volume currents in the iossy material. (The metallic
region would have an clectrical thickness dependent upon
material parameters and wavelength.) The surface impedance
boundary condition allows the volume formulation to be
approximated by so snalysis considering only the surface
current and is written as
E'+E*=R7T {13)
where tangential fields are implied and the equation holds
mthemppmoftheament. complex impedance R

depends upon the matesial and electrical
thickness of the metal. For metallic materials which greatly
attenuate the field as it penctrates the medium, R is the
medium impedance +/il/€ where £ is the complex
pemittivity of the medium. Conversely, for materials
which allow little attenuation and phase shift of the field as
it penetrates the medium, R is Ju/e/kt where k is the
complex propagation constant of the material and ¢ is the
thickness of the patch. With the scattered field given by
{11), the impedance boundary condition is written as

- =F (14)

Jjoe =

z.l ”l&

wherc tangential components in the z = 0 plane are implied.
For materials in the infrared, measurements give the loss
factors for metals used, and indicate that the first
approximation sbove is to be applied, This approximation
can be improved by using volumetric techniques such as a
finite element method to calculate fields in the lossy
mms. e

Sub-Domain Expansion Functions

Egquation (14) is the unique relation for the induced curreat
with its solution yielding the reflection and transmission
coefficients of the structure. To model an arbirary size
crossed-slot or other shape within the periodic cell, sub-
domain rooftop basis functions are chosen to represent the
wnunm:ucspemﬂlynmpommmpammodamysm
do not conform to standard shapes as in microwave design.
These functions model the current distribution and allow the
scatteved field to be given by a convergent series. As seen
in Fig. 3, the normal component of current approaches zero
at the patch edges, and is nonzero when tengentiat to the
edges, allowing for the representation of the edge
singularity. Each subsection of current extends over two
patches of the grid, longer in the direction of the current,
with at least one x-directed and y-directed rooftop overlaying
cach patch. The subsection is sampled at the center of each

_roofiop.

As shown in Fig. 3, the sample points of each subsection of
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Fignre 3. Diagram of rooftop sub-domain basis
functions used to represent current.



current are shifted fram the center point of its associated
patch. A coordinate system is chogen such that the ssmple
points.of the grid lic at the center of each patch. The sample
points of the rooftops represénting the y-component of the
current are then shified to the edge of the patch in the
positive x direction, and similatly, the samaple points of the
roofiop representing the y-component of the current ame
shifted to the edge of the patch in the positive y direction.

Cascade Connection of Scattering Parameters

The dominant mode reflection and transmission coefficients
are found from the induced cumrent

(15)

(15by

To model the multiple layers of the frequency selective
surface, scattering parametérs of each single frequency
sdeounmmhyummlculntedmdeasuded[u] The
scattering parameters include the dominant barmonic
coefficients in (15) and higher-order harmonics. The single
layer frequency selective surface consists of the metallic sray
and any sumber of other dielectric Jayers that may exist.
The scattering parameters for this sandwich structure ere
calculated and then combined with those of other layers of
possible different element sizes. A composite scattering

matrix
[V"]_ [sf, si,} [V“']
22 si sf-' 124
is computed which contains the transmission and reflection
cocfficients of the entire frequency selective surface.

(1)

Parameterization and Results

For the multi-spectral imager application, the goal is to
maﬂlﬁuwﬁﬁxam‘bedomtcrwavelmgﬂ:and
bandwidth of the transmission response. The filter consists
of patterned metal layers fabricated using clectron beam
lithography. An sray of apertures is patterned into 2 gold
layer deposited on a calcium fluozride substrate. The key
parameters of the design are the clement shape, periodicities
in the x and y direction as well as the skew angle Q,
dncknesmofdlelemnnpmmmdmbmtehmmd
distance between layers of a sandwich structure.

The fitness finction for this application is driven by the
requirement of a prescribed center wavelength and bandpass
with minimal shoulders outside the bandpass region. A
typical response with parameters is shown in Figure 4. The
center wavelength, as well as upper and lower edges of the
passband is specified. The fitness function specified for this
application is a weighted combination of the prescribed
center wavelength and a measure of the energy outside the

-
[<]
Q

Transmission Coefficlent Magnitude (%)
0838888388

Cmterémvelengﬂnandlowuandupperboundsd’
bendpass region are noted.

center band. This component is calculated by dividing the
area imder the square of the transmission curve outside the
center band by the total area squared under the trangmission
response. The goai in this specification is to reduce any
energy outside the bandpass region for an optimal multi-
band filter design.

The code for the analysis of the frequency selective screen
was integrated with PGAPACK and executed on a 256 CPU
HP Exemplar X-Class massively paralle] processor. For an
itial design the center wavelength was chosen to be 4
micrometers, and the bandwidth was minimized outside a
region with a 5% (full) bandwidth. A one millimeter thick
caicium floride substrate (n = 1.41) was included in the
calculation as well as the surface impedance of gold in the
near-infrared. A previous design, created without the use of
thegmeucalgonﬂ:mopummnonpackage,wasnsedna
‘strawman’ 10 be equaled or bettered. Optimization was
carried out using the cell size as a parameter and fixing the
clement geometry to a crossed dipole aperture. Shown in
Figurs § is the resultant design as well as a set of
measurements of the fabricated mode] {13]). For this limited
set of optimization parameters, the previous design wes
equaled but not bettered. The design simulation though was
completed with one execution of the gemetic algorithm,
exhausting the limited set of global parameters needed to
minimize the fimess function outlined above. Additional
designs with an expanded parameter space are under
consideration.

4. ELECTRONIC STRUCTURE CALCULATIONS

The electronic structure calculations considered in this
section involve heterostructure device designs being
considered at the Jet Propulsion Laboratory. While silicon
device techmology dominates the commercial microprocessor
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Figure 5. Comparison of pumerical simulation and
measured transmission spectra for infrared filter.

and memory market, semiconductor heterostructure devices
maintain their niche for light detection, light emission, and
high-speed data trensmission. The production of these
beterostrucme devices is enabled by the advancement of
material growth techmiques that have opened up a vast
design space. The full experimental exploration of this
design space is unfeasible and a reliable design tool is
needed.

Military spplications have similar system requirements to
those listed above. Such requirements prompted a device
modeling project at the Central Research Laboratory of
Texas Instruments (which transferred to Raytheon Systems
in 1997). The Nanoelectronic Modeling Tool (NEMO) was
developed as a gencral-purpose quamtum mechanics-based
one-dimensional device desigu and analysis tool from 1993-
97. The tool is available to US researchers by request on the
NEMO web site [14]. NEMO is based on the nom-
equilibrium Green's function which allows a
fundamentally sound inclusion of the required physics:
bandstructure, scattering, and charge sclf-consistency. The
theoretical approach is documented in references [15, 16)
while some of the major simuiation results are documented
in references [17-19].

Heterostructure device designs involve the choice of material
compositions, layer thicknesses, and doping profiles.
Material parameters such as band offsets, effective masses,
dielectric constants etc. influence the device simulation
results in addition to the structural design parameters. The
fall exploration of the design space using purely
experimental techniques is unfeasible due to time and
financial constraints. For example, it takes a well-equipped
research laboratory approximately five working days [20] for
the growth, processing and testing of a particular resonant
tunneling diode design. NEMO can provide quantitative
[17-19] current voltage characteristics (I-V's) within minutes

tohours[ZO]ot‘CPUtimeﬂcrasinglesetofdzvicemd
material parameters. With this quantitative simulation
capability the design parameter space can .be explored
exped.lentlyornceanaumnedsysmforthedesngn
parameter variation is implemented,. As in the
elewomagnetlcﬁlmngapphcmoncomﬂuedeecuonB
a fitness function is developed, and the NEMO code is
mtemtedmtomeopmzauonﬁmwod:ofﬁgurel
interfacing to PGAPACK.

Simulation Target and Fitness Function

In this work the resonant tunneling diode is used as a
vehicle to study the effects of structural and doping
variations on the electron The structure of the
device consists of a number of monolayers, with associated
doping levels. Cusrent-voltage characteristics of two devices
that are part of a well-behaved test matrix of experimental
data publighed in reference [18] are used as a design target

The fitness of the simuiated data is measured against a target
current-voltage characteristic. There are fowr particular
features that are explicitly evaluated for each simulated
characteristic: peak and valley current and voltage, and the
slope close to the peak and the valley (Figure 6).
Differences between the target and the simulation in these
four festures and the absolute and relative emwor for all
simulated data points enter into the fitness function with a
weighted average. The target fitness evaluated against itself
results in a value of 1. Disagreements between simulation
and target result in fitness values between 0 and 1.
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Figure 6. Features that enter into the evaluation of the
fitness of simulated data. Of particular interest are the
peak and valley voltage and current and the slopes
close to the peak and the valley.

Results

In this numerical experiment, five parameters (2 doping
concentrations, Ny, N3, and 3 thicknesses, T, T2, Tj) are
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Figure 7: Current voltage chamcteristics of a
InGaAs/InAlAs resopmant tumneling diode. The
nominal structures have barrier and well thicknesses
ofl6monolnym(ml),mddgpmgadopingpmﬁle
of 10" cor”® (N,) and 10'* cm™ (). The solid lines
show experimental daupubhshed in reference [18],
where the noise in the valley current region was
eliminated. The curves are labeled by the 5
parameters N1_N2_T2_T2_T3.

varied within the genetic algorithm in order to achieve the
best fit to an experimentsl -V curve. The NEMO code is
used to model the structure. This structure was specified to
the grower to have 16 monolayers (ml) of barriers (T;) and
well (T)), no intentional ing in the central device
(N=1x10" cm™®), N:-lxlo" * doping in the low doping
spacers, and 3x10" cm™ in the high doping contacts. The
no-doping spacer length T, is 20 mi. Further details of the
strocture can be found in [9], The simulation is started from
the random populations. The genetic glgorithm converges to
the nominal structure value, well within the experimental
uncertainty as shown in Figure 7. Again it is found that the
well widths must be increased in the simulation by a fw
monolayers versus the nominal values to achieve the best
agreement with experimental data [18].

5. CONCLUSIONS

This paper has examined the use of a genetic algorithm for
design of an infrared filter and for electronic structure
modeling. A versatile genetic algorithm, PGAPACK, has
been used for initial designs, optimizing realistic devices
over broad design spaces. The optimization package has

advanced computstional resources are necessary if advanced
modeling codes are to be used to give high-fidelity
simulations of micro-devices in the optimization process.
Several wall-clock hours on the 64 CPU Exemplar were
necessary to achieve the infrared filter design. The proper

choice of psrameters and proper encoding of these
into a chromosome used in the genetic algorithm is also
necessary to efficiently reach an optimized solution.
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