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ABSTRACT
School of Graduate Studies
The University of Alabamain Huntsville

Degree  Doctor of Philosophy College/Dept  Science/Physics

Name of Candidate  Arthur C. Ellis

Title Design and Grayscal e Fabrication of Beamfannersin a Silicon Substrate

This dissertation addresses important first steps in the development of a grayscale
fabrication process for multiple phase diffractive optical eements (DOE's) in silicon.
Specificaly, this process was developed through the design, fabrication, and testing of 1-2 and
1-4 beamfanner arrays for 5-micron illumination. The 1-2 beamfanner arrays serve as a test-of-
concept and basic developmental step toward the construction of the 1-4 beamfanners.

The beamfanners are 50 microns wide, and have features with dimensions of between 2
and 10 microns. The Iterative Angular Spectrum Approach (IASA) method, developed by Steve
Meéllin of UAH, and the Boundary Element Method (BEM) are the design and testing tools used
to create the beamfanner profiles and predict their performance.

Fabrication of the beamfanners required the techniques of grayscale photolithography and
reactive ion etching (RIE). A 2-3-micron feature size 1-4 silicon beamfanner array was
fabricated, but the small features and contact photolithographic techniques available prevented its
construction to specifications. A second and more successful attempt was made in which both
1-4 and 1-2 beamfanner arrays were fabricated with a 5-micron minimum feature size.

Photolithography for the UAH array was contracted to MEM S-Optical of Huntsville, Alabama.



A repeatability study was performed, using statistical techniques, of 14 photoresist arrays
and the subsequent RIE process used to etch the arrays in silicon. The variance in selectivity
between the 14 processes was far greater than the variance between the individual etched features
within each process. Specifically, the ratio of the variance of the selectivities averaged over each
of the 14 etch processes to the variance of individual feature selectivities within the processes
yielded a significance level below 0.1% by F-test, indicating that good etch-to-etch process
repeatability was not attai ned.

One of the 14 arrays had feature etch-depths close enough to design specifications for
optical testing, but 5-micron IR illumination of the 1-4 and 1-2 beamfanners yielded no
convincing results of beam splitting in the detector plane 340 microns from the surface of the

beamfanner array.
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Chapter 1

INTRODUCTION

This dissertation documents the design, grayscale fabrication, and optical testing of both
1-2 and 1-4 beamfanner micro-arraysin asilicon substrate. Originaly, the 1-4 beamfanners were
intended for use in a focal plane array that was to be part of a real time imaging polarimeter
developed by Nichols Research Corporation, now a branch of Computer Sciences Corporation, in
Huntsville, Alabama. This did not work out, since the 2-3-micron feature sizes specified by the
design proved too difficult to fabricate. However, the beamfanner development at the University
of Alabama in Huntsville continued. New designs with feature sizes 5 microns and larger were
introduced. An emphasis was placed on developing silicon beamfanners that could be tested
against predicted performance by rigorous diffraction techniques and produced with a high degree
of process repeatability in the UAH micro-fabrication facility.

First presented below, in Section 1.1, is a description of the Nichols focal plane array and
how the 1-4 beamfanner array fitsinto its design. The Nichols project was the initial motivation
for this dissertation, but, as stated before, could not be successfully fabricated. This section is
important, however, in that it defines the original purpose for the 1-4 beamfanners. Section 1.2

introduces the general research focus of beamfanner devel opment.



1.11R camerafocal planearray

The work done for Nichols Research Corporation consists of the attempted design,
fabrication, and testing of a 256x256 array of 50-micron sguare 1-4 beamfanners etched in
silicon. The beamfanner array is the first component in a focal plane element for an infrared
camera that functions as a real-time imaging polarimeter in the 3.5-5-micron range. Figure 1.1
shows, in descending order, a cross-section, top, and bottom view of this focal plane element.
Each beamfanner takes a beam of infrared light from an image point and splitsit into four beams.
Each beam is then passed through one of four analyzers that function together as a Stokes
polarimeter. These analyzers are formed by a wave plate array and a polarizer array.

The second component of this focal plane array, located on the opposite side of the
silicon substrate from the beamfanner, is a 256x256 array of form-birefringent wave plate pixels.
Each wave plate pixel is oriented to one of the four beams, the beam designated to give
information on circular polarization.

A layer of SU8 photoresist acts as a planarizing layer between the wave plate array and
the third component, a Molybdenum wire grid polarizer array. The polarizer array is a 256x256
array of pixels with each pixel subdivided into a 2x2 array of polarizers with the appropriate
orientations necessary for obtaining a complete Stokes vector description of the image. Often, in
this dissertation, a beamfanner detector plane is mentioned. This plane corresponds to the
location of the plane that is occupied by the wave plate array and is approximately 340 microns
from the surface of the beamfanner array. For a complete description and view of thisfocal plane
array, refer to [1], [2], [3] and Figure 1.1. A detailed analysis of finite-aperture wire grid
polarizers, using the Finite Difference Time Domain (FDTD) method [4], [5], [6], [7], [8] is

presented in [9]. Applications of imaging polarimetry are discussed in [10].
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Figure 1.1 Cross-section, top (input), and bottom (output) views of the proposed focal plane
array (FPA).



1.2 Focus

The beamfanner arrays present an interesting challenge from the standpoints of design
and fabrication. The design of the beamfanner arrays makes use of a unique algorithm devel oped
by Stephen D. Mellin of the University of Alabama in Huntsville that is caled the Iterative
Angular Spectrum Approach (IASA) [11]. Rigorous electromagnetic analysis, in form of the
Boundary Element Method (BEM), is used to analyze design performance [12], [13]. The
resulting designs demanded that a silicon device consisting of alarge number of phase levels be
fabricated. Grayscale photolithography and Reactive lon Etching supplied the techniques
necessary for construction of the beamfanners. The design and fabrication of the 1-4 and 1-2 test
beamfanners and the focal plane array beamfanners represent the author’s origina work. The
focus of this dissertation had the ambitious goal of developing a working 1-4 beamfanner array.
This did not prove to be possible, but there is other important information to be gained from this
research. First of al, the 1-2 test beamfanners were tested, though their actual performance did
not match the performance predicted in the design process. Since alarge number of beamfanner
arrays are fabricated, etch repeatability and etch selectivity, the latter as a function of feature
depth, are examined. These items will help develop knowledge and understanding for future

efforts using grayscal e fabrication methods.

1.3 Organization of dissertation

The second chapter of this dissertation will introduce and describe the various existing
techniques used to achieve grayscale photolithography. High Energy Beam Sensitive Glass
(HEBS) masks are an option for photoresist exposure, and one was used in the Nichols

fabrication attempt. Chrome-on-quartz masks are another possible method. Laser direct writing
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and electron beam writing into the photoresist are possible, though much more time consuming

methods.

The third chapter will introduce the analytical methods used to design and characterize
performance for the 256x256 beamfanner array as well as some test structures designed to mimic
the performance of specific areas of the array. The Iterative Angular Spectrum Algorithm
(IASA) developed by Stephen Mellin, which is the fundamental tool used in designing the
beamfanners, is briefly reviewed. The rigorous diffraction theory of the Boundary Element
Method (BEM), and its use in beamfanner design and performance characterization, is presented.
The actual design, placement, and predicted performance of the beamfanners are covered.

The fourth chapter describes the methods and processes used in the fabrication of the
beamfanners. Two attempts were made to fabricate a beamfanner array. The first, involving the
Nichols device previoudly discussed, used a HEBS mask with 2 and 3-micron square features for
contact photolithography. The small feature sizes and the poor quality of the HEBS mask made
fabrication of a working device impossible, but the attempt, as well as the lessons learned, are
presented. The second attempt, henceforth designated as the UAH array, made use of a
proprietary photolithographic process employed by MEMS-Optical of Huntsville, Alabama.
Research done to determine the etch selectivity (defined as the ratio of the etch rate of the
substrate to the etch rate of the photoresist) needed for beamfanner fabrication was conducted by
this author. The final fabrication step employed a reactive-ion-etcher (RIE) to etch the
beamfannersin asilicon substrate. Thisfinal step was also the author’s effort.

The fifth chapter examines issues of etch repeatability and etch-depth dependent
selectivity. Repeatability is a necessary ingredient in a successful micro-fabrication process and
often proves elusive no matter how carefully the etching parameters are controlled. Etch
parameters have a habit of changing over time, since RIE chamber conditions have a tendency to
drift over time. The challengeisto find a set of etch parameters that are robust enough such that

there is minimal change over a duration of time necessary to complete a fabrication task.
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Selectivity, as previously mentioned, is defined as the ratio of the etch-depth of a feature in

silicon to the depth of that same feature in photoresist. A grayscale process yields multiple phase
levels, and since different feature depths may exhibit different selectivities for the same set of
etching parameters, it is important to quantify these differences. Experimental procedures and
statistics are used to control and define this study.

The sixth chapter gives the results of testing that characterize the performance of the
beamfanner arrays. Output from the 1-2 beamfanner test arrays is compared directly to the
performance predicted by BEM, and a qualitative examination of the 1-4 arrays is presented. A
lens system that mimicked the function of the polarimeter camera and an infrared microscope
provided by CSC in Huntsville, Alabama was used to obtain these results.

The seventh and final chapter presents overall conclusions and suggestions for relevant

future research.



Chapter 2

BACKGROUND OF GRAY SCALE FABRICATION TECHNIQUES

2.1 Grayscale photolithograpy (motivation)

Grayscale photolithography offers a single step alternative to binary micro-fabrication.
In abinary fabrication process, photoresist is alternately masked, exposed, developed, and etched.
During the exposure, a binary mask either allows exposing UV light to illuminate the photoresist,
or it shieldstheresist entirely. It therefore requires one photolithographic/etching step to produce

an element with two phase levels, two steps for four phase levels, three for eight levels, and in

general N stepsfor 2" phase levels [14].

B b

Figure 2.1 Comparison of binary and grayscale UV resist exposure schemes.

]
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Figure 2.1 illustrates both a two level profile, typica of a onestep binary

photolithographic process, and a five level profile, typical of a gray-level process. The first
scheme, on the left, is often used in the fabrication of gratings with rectangular profiles. This
view shows a binary photomask illuminated from above by UV radiation. This will produce a
two-level pattern in photoresist upon development. The five level grayscale mask on theright is
used to produce, in a single exposure step, afive level structure. This structure would require a
three-step exposure process using a binary process.

Often, the addition of more phase levels to closely approximate an analog contour will
significantly enhance device performance [15]. It is clear that a device whose successful function
depends on a large number of phase levels to approximate a continuous contour will require a
many step process costing time and material. It will also be subject to multiple errors due to the
mask alignment that accompanies each fabrication step. Typical contact alignment errors can
cause lateral deviations up to 0.5 microns [16]. Misalignments can decrease the efficiency of a
diffractive optic device by altering the lateral size of a feature from the maximal design
specification [17]. Grayscale methods, however, alow for the fabrication of devices with
arbitrary numbers of phase levels or even continuous profiles [18] and reduce the number of
fabrication steps, and, consequently, the chance for an alignment error, to one. Grayscale
lithography allows the exposure of thick (around several tens of micrometers) photoresist layers
[19].

Grayscale processes do possess disadvantages. A binary process, especially one that
produces evenly spaced features of equal height, such as a grating, allows a single set of
exposure, development, and etch parameters to uniformly affect all structures. This does not hold
true for acomplex multilevel structure, since different feature heights and lateral sizeswill not, in
general be uniformly processed by a single set of etching parameters. Typical sources of error in

grayscale fabrication include photoresist depth errors [20] and rounding of some features during
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the etch process. Anillustration, typical of the results presented in this dissertation, is seen below

in Figure 2.2.

4 microns

0.5 microns

Figure 2.2 Four gray-level features with rounding of the two highest features.

To obtain good feature transfer fidelity during an etch process, it is necessary that the
etch process be highly anisotropic simultaneously for all phase levels. This can require a great
amount of experimentation to achieve success. |n binary fabrication, much work has been done
and the processes are well understood. Grayscal e processes are more recent in development and

less well understood.

2.2 Grayscale mask techniques

In order to achieve gray-level exposures in photoresist, it is necessary to have a mask
with varying optical densities, thus allowing a wide variety of exposure energies to transfer to a
varying resist profile. Three available types of grayscale masks are the High Energy Beam

Sensitive (HEBS) mask [21], [22], the Laser Direct Write (LDW) mask, and the chrome-on-



10
guartz mask [23]. These masks make use of varying densities of sub-resolution particlesin or on

the glass to block out exposing radiation to various degrees.

The HEBS mask is made of alow expansion zinc-borosilicate glass, a white crown glass.
This glass contains alkali to facilitate ion exchange reactions that make the glass sensitive to high
energy beams, electron beamsin particular. The ion exchange process is carried out long enough
to cause silver ions to diffuse into the glass to a depth of up to 3 microns. This process is
conducted at temperatures above 320 degrees centigrade, and silver-alkali-halide containing
complex crystals are formed. Chemical reduction of the silver ions in these crystals to produce
opaque regions of silver atoms is achieved by exposing the glass to high energy beams, i.e., > 10
kilovolt electron beams. By varying the energy of the electron beams, it is possible to vary the
density of the silver particles and, hence, the optical density [24], [25].

The LDW mask [26] is made the same way as the HEBS mask, except that pattern
writing on the mask is based on laser exposure heat erasure of the opaque silver particles. LDW
glass initially contains a large density of opaque silver particles. The depth of this layer of
particles can be varied from 1 to 3 microns. This correspondsto an optical density of between 1.4
and 3 at awavelength of 436 nm, which is atypical, and often maximal, wavelength for exposing
photoresist. A focused laser beam is used to heat erase the silver particles by changing the metal
silver back to ionic silver.

Chrome-on-quartz masks are similar to standard binary masks, since chrome makes up
the dark field of many such masks. Grayscale masks of this type, however, employ sub-
resolution regions of chrome on the quartz mask surface to function as the opaque particles.
There are two schemes for realizing the varied exposures typical of grayscale masks. The first
uses chromium pixels with different sizes but constant pitch. The second uses constant sizes with
varied pitch [27]. The pitch is altered by varying the center-to-center distance between adjacent
chrome pixels. These two schemes can also be combined on the same mask. Chrome-on-quartz

masks are advantageous because standard binary mask fabrication technol ogies are easily adapted
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to make these masks. The chrome regions are naturally much larger (typically on the order of 0.5

microns square) than the silver atoms described for the HEBS and LDW masks, but non-contact

printing using a stepper is a useful option with these masks.

2.3 Direct writing techniques

Direct writing into photoresist with either an electron beam or a laser beam [28] is
another common approach to the fabrication of multiple phase level optical elements. Spot sizes
for e-beam systems are usually 0.1 microns or larger, and laser direct systems have larger spot
sizes on the order of 1-5 microns. After the photoresist is developed, the depth of the local relief
structure is proportional to the energy delivered to that area by the e-beam or the laser source.
Either the power or the dwell time of the source can be varied to yield different exposure
energies. This allows for fabrication of nearly continuous relief structures that approximate the
curved topography needed for maximal performance of many optical elements.

There is a mgjor disadvantage to this approach, however. It is a seria process, so each
element must be written one at atime. It isfar more feasible from the standpoint of efficiency for
large area or large volume production to use a mask/exposure scheme rather than direct writing.
As is so often true in micro-fabrication, reduction of time and cost is paramount, and the

mask/exposure method, if feasible, isfar preferable to a serial process.



Chapter 3

MODELLING AND DESIGN OF BEAMFANNER ARRAY AND TEST ARRAYS

The first section of this chapter presents the beamfanner design method, IASA. The
second section presents the rigorous diffraction theory, BEM, used to test the beamfanner designs
yielded by IASA. The third section describes the specific designs and substrate placement
location of the Nichols and UAH beamfanner arrays. Finaly, in the fourth section, specific
designs and simulations of 1-2 beamfanners are developed for the UAH array. These simulation

results will ideally be compared to test results obtained after the fabrication of these beamfanners.

3.1 Thelterative Angular Spectrum Algorithm (IASA)

The design of the beamfanner arrays was accomplished using a modification of the
Gerchberg-Saxton Algorithm [29] or the Iterative Fourier Transform Algorithm [30] that was
developed by Steve Mellin of the University of Alabamain Huntsville. This algorithm was given
the name, Iterative Angular Spectrum Algorithm (IASA). As shown in Steve Méellin’s Ph.D.
research, IASA is ascalar design method that is useful for creating DOE profiles, and its novelty
consists of the addition of evanescent field components from proceeding to succeeding iterations.
IASA is computationally more efficient than rigorous design methods and has been shown to be
useful for some DOE designs outside the realm of scalar theory. Specifically, a wide range of
IASA designs with feature sizes smaller than a wavelength have been shown to test effectively
with rigorous vector diffraction theory, provided that the smaller features collectively

approximated the contours of larger features to which scalar theory would normally be applied.
12
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A qualitative description of the process used to design the 1-2 beamfanner will now be

presented. This 1-2 beamfanner serves as the basis for all other beamfanner designs discussed in
this dissertation. For the basis design, a unit amplitude 5-micron plane wave (in free space) is
assumed to be normally incident on a finite aperture DOE etched in silicon. The DOE is
constrained to split the light equally between two photodetectors in an observation plane in the
near field. These photodetectors have a width of 15 microns with a center-to-center spacing of
25 microns. They arelocated in a plane that is 340 microns from the silicon substrate’ s surface of
incidence. Each silicon beamfanner’ s surface-of-incidence is bounded by a 50-micron aperture.
Steve Mellin's IASA procedure to yield the 1-2 beamfanner design was commenced by
assuming an initial DOE profile of aflat dielectric (air/silicon) interface subdivided into 1-micron
lateral feature sizes and bounded by a 50-micron infinitely conducting finite aperture. The
transmission function and the field just past the DOE were first calculated. The angular spectrum
of this field was determined using a Fast Fourier Transform (FFT) and propagated to observation
plane in which the detectors are located. These detectors are 15 microns wide and have a center-
to-center spacing of 25 microns. They correspond in position to the polarizer apertures described
in the introductory section discussion of the real time polarimeter focal plane array. Thefield at
the observation plane was obtained using an Inverse Fast Fourier Transform (IFFT). The
diffraction pattern yielded by this transform was then compared with the ideal case where all of
the light is evenly split between the pair of detector apertures. At this point in the process, if the
field profile at the observation plane satisfied the conditions for the operation of the 1-2
beamfanner, the calculations could be discontinued. However, if the field profile did not meet
these conditions, the field was modified according to constraint criteria. These criteria insisted,
as in Figure 3.1, that the field amplitudes were increased at positions in the observation plane
corresponding to the locations of the detector apertures, and that the incident light was diffracted
such that if either half of the incident beamfanner surface was illuminated, a split intensity profile

was yielded in the detector plane.
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Figure 3.1 Equal splitting of amplitude by beamfanners in the detector plane.

The angular spectrum of this modified field was obtained by FFT and back propagated to
the DOE plane of incidence. Evanescent field components from the angular spectrum iteration at
the previous plane of incidence were then added to obtain the total angular spectrum. The DOE
profile was modified with the condition that it was a phase-only DOE bounded by a finite
aperture. At this point, the second iteration can begin by calculating the new transmission
function past the DOE, incorporating the evanescent components from the last iteration. This
iterative process was repeated until a 1-2 beamfanner device structure profile and image plane
field profile were obtained. This structureis shown in Figure 3.13 at the end of this chapter.

It later proved impossible to fabricate beamfanners with 3-micron lateral features, much
less 1-micron lateral features. The photolithography and etching processes developed were
insufficient to preserve good feature fidelity. It was necessary to redesign the beamfanners with
a minimum lateral feature size of 5 microns. The redesign, analysis, fabrication, and testing of

these beamfanners will be extensively covered in the third and fourth sections of this chapter.
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3.2 The Boundary Element Method (BEM)

IASA provides a means to obtain a beamfanner design, but is not inherently rigorous
enough to provide accurate predictions of device performance [31], [32]. Indeed, IASA was
tested by employing the Boundary Element Method (BEM). BEM is arigorous boundary integral
method adapted for computer numerical implementation. Boundary integral methods are well
suited for the analysis of homogeneous, finite, aperiodic DOE’s. Boundary integral methods use
the integral form of the wave equation to describe the induced polarization field distribution on
the surface of the DOE. Re-radiation from this surface distribution in turn generates a diffracted
field that can be determined anywhere in space. Presented here is the basic theory of a boundary
integral method as it pertains to aperiodic, finite, homogeneous, open-contour DOE’s and its
application to the basic 1-2 beamfanner that was developed using IASA. The three-dimensional
version of Green's second identity is first derived. This is followed by its reduction to a two-
dimensional problem used to handle the geometries of the 1-2 beamfanners. Application of
boundary conditions at a dielectric interface are employed to simplify the resulting equations so
that the field distributions can be determined at the dielectric interface using the computer
adapted BEM method [33]. The adaptation of this boundary integral method to BEM is next
presented. Thisisfollowed, in the third and fourth sections, by an overview of the design for the
first (Nichols) and second (UAH) beamfanner array series and an analysis of 1-2 beamfanners
from the UAH array redesigned for greater ease of fabrication with larger lateral feature sizes and
fewer phase levels than Mellin’s original Nichols array design. Off-axis illumination and
spherical convergence of the focused illuminating infrared light are considered in the design.
Finally, the 1-2 beamfanner designs are coupled together to form 1-4 beamfanners as required for

the design of both the Nichols and UAH 256x256 beamfanner arrays.
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3.2.1 Derivation of rigorous boundary integral diffraction theory

The derivation of the necessary boundary integral equations and their adaptation to a
computer friendly numerical method is covered next. Assuming linear, homogeneous, isotropic

dielectric media, and given Maxwell’ s equations,

x He e — (3.1)

and assuming time harmonic field dependence using the phase convention & /¢™ ) these

equations can be expressed as

X H= ¥ joeE, (3.2

where p, €, WU, and w are the charge density, permittivity, permeability, and angular frequency

of light respectively. The Helmholtz-wave-equations are derived by taking the curl of the second
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and fourth expressions in Equation (3.2) and making the appropriate substitutions [34], [35].

They are given below in Equation (3.3).

0B w fie E= }EH e F- f(r),and
€

O°Hrw fie H=x 3 - g(r). (3.3

The expressions f () and g(r) are spatially dependent source terms. BEM analysisissimplified
if the TE and TM cases are treated separately. This fact, coupled with demands placed on
computer memory, made it necessary to consider only the two-dimensional geometry of the
1-2 beamfanner for design and modelling purposes. The TE and TM cases are separable in the
two dimensions, and the two-dimensional case requires far less computer memory. With thisin
mind, the Helmholtz equation for the electric field is applied to the former, and the Helmholtz
equation for the magnetic field is used for the latter to obtain a complete solution.

The solution to the dielectric boundary value problem that is applicable to this specific

DOE design requires the use of Green's second identity, which is derived below. Given the

divergence theorem IVDDAth ﬁ)f&ﬁdS' and making the substitutions A =@ ,

M A= M@ =)0y + ) , and A 0 = (e )Dﬁch?)—w, where fi is the unit normal,
n

Green'sfirst identity can be written as

: oy o
[ +om )av' §§ 508" (34)

Setting A = , and performing the same operation as above, the following equation is

obtained.
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[[Wop+@my )de' g—:’dsn (35)

Subtracting Equation (3.5) from Equation (3.4) yields Green's second identity [36].

- = o My s
J, (@0 -G Yav= dpe —S-u —yds (36)

The formalism is now in place for the treatment of the three-dimensional dielectric
boundary value praoblem. Figure 3.2 shows a general geometrical interpretation of this problem,
with a volume bounded by a surface in three dimensions. Integrations are performed over the

volume enclosed by the surface and also the surface.

Region 1

Region 2

Figure 3.2 Three-dimensional volume and enclosing surface with differential surface area and
outward pointing normal vector.
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The TE and TM cases, as mentioned before, will be treated separately, since different

boundary conditions are imposed on each. The TE and TM orientations will be the y-components

of both the electric and magnetic fields. Since the derivations for both are very similar, only the

TE case will be presented in detail. Let the TE case be considered such that E,. =E, ¥, and

substitute E, for @ and G for g in Equation (3.6). Thisgives

9G

2 2 '
[ (E,0°G @ °E,)dv @S(Ey%

o0E
G—)dS'. (3.7)
on

— k|7 =T

The Green’sfunction isgiven by G(T,1") =4— . It satisfies the equation,

Rl =l

O°G(r, T+ K°G(T,TF -5 (- 1), (3.8)

in which3(F -7 is the three-dimensional delta function, and k = w/ue. By substituting the

Helmholtz wave eguation for the electric field, Equation (3.3), and Equation (3.8) into Equation

(3.7), this expression is obtained.

[ [E,(=8(F =1 -k*G(r,77) ~G(r.7)(F(F) K°E,)dV" =

0G

on

)ds'. (3.9)

The source and, as a consequence, the incident field are chosen to originate in region 1.
The above expression can be further simplified by integrating the product of the Green’s function

and the source term over the enclosed volume, yielding this boundary integral equation,
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oE, (1)

> s (3.10)

. - £ 0G, (1,1’ o
£, (N +En8, =M T 6 (r,r
Theindex, i, isequal to 1 for region 1, and 2 for region 2. The Kronecker delta, g, ,, isequal to

1inthe sourceregion 1 and O in region 2. Thiswill yield two equations in two different regions

that can be matched at a dielectric interface using boundary conditions imposed by Maxwell’s

equations. For proof that E, (T)d, = IVGi(?,?‘)ﬁ (rdV', recal from Equation (3.3) that

f(F)=-=[p— fouJinregion 1. Theincident field can be expressed as

G

IVGi(T,?‘)f(?')dV‘z —%jv 0 (F)G, (F,7')dv+ o .[Vj(?)Gi(T,?')dV'. (3.12)

The Green's function can be considered to be the impulse response of this system and any linear
operator acting on the input has the same effect on the output. The del operator may therefore be

brought outside the integrand in the first right hand term of Equation (3.11), i.e.,
— N\ [T " 1 — e 1 H BT = =T 1
j'VGi(r,r)f(r)dV == Djvp (F)G, (T,7')dv~ jop IVJ(r)Gi(r,r)dV . (3.12)

Classical electrodynamics says that the electric potential, @ , in terms of the volume charge

density, is expressed as

®(7) =%jv p(F)G(T,F)dV", (3.13)



and that the vector potential can be expressed as

A7) = pjvj(r')e(r,r')dV' .

The general expressions for the electric and magnetic fields are

0A(T, 1)

E(r,t)=-[@ (7,t) and

H(F,t) == A(T,t).

=R

Assuming time harmonic dependence, these expressions become
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(3.14)

(3.15)

(3.16)

It is now possible to express the volume integral of the product of the Green’s function and the

source term as

[FmG (rr)avi=-@ (1) A= E ().

(3.17)

A similar argument can be made for the magnetic field, noting that g(r) =% J, is applicable to

the TM case.
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x A(TE A7) (318)

Design of 1-2 beamfanners simplifies this boundary integral analysis, since the right hand
side of Equation (3.10) must be converted into aline integral if solutions separablein TEand TM
modes are to be obtained. For the following analysis, the unit normal vector directed outward
from region 2 is the negative of the unit normal directed outward from region 1, i.e,

n, =-N, =n. Figure 3.3 shows the two-dimensional geometry representative of the design work

used to devel op the beamfanners.

Region 1

.

E
y

Incident Field @

Region 2

Figure 3.3 Two-dimensional line integration representing the DOE boundary with aand b as
conducting pads defining afinite aperture.
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From Equation (3.10), expressions for the boundary integral equation can be obtained in

regions1 and 2.

£, (0 =E,.(0+§j, (€, 2201 61,1y T Dag

£, =, €, 24D 61,1y D (3.19)

If the fields and their normal derivatives are assumed to be constant with respect to y', the

surface integral may be expressed as dS'=dy'd/".

For integration over the y' -coordinate, only the Green's function terms are affected.

—]k\r T

J'G(rr)dy Jw4rqr = (3.20)

1
dy' =—HP (k|7 -
Y= (k; [t

H isthe zero-order Hankel function of the second kind. The surface normal vector, f, is now

confined to the x-z plane, and the two-dimensional Green's function of Equation (3.20) can be

substituted for the three-dimensional Green’s functions in the boundary integral expressions of

Equation (3.19), yielding

£,(0=E,.(0+§ 18,0 22T 6,01 Dy an

oE.,
£, = [E,,(1) 28200 g 11y D (321)



24
where the two-dimensional Green’s function is given in Equation (3.20), and its normal

derivativeis

0G, (1) _

o iin’(ki T ~T))A, @, and (3.22)

-
1
-
|
=l

=l
|
=l

The contour, C, is the two-dimensiona boundary of the DOE shown in Figure 3.3. For this case
of a finite aperture DOE, it is necessary to perform the integration only along the boundary
bounded by the finite aperture bordered by the conducting pads that are labeled aand b.

The Green's functions are singular at points on the boundary where T =T7', and caution
must be exercised when the integrals of Equation (3.21) are evaluated. The singularities are

mastered by considering a small circular contour of radius L, as shown in Figure 3.4.

incident
light

o exterior 5
contour 7IT a Region 1
\ ) Region 2
, i interior
singularity ¢ contour ﬁ

s

Figure 3.4 Singularities along DOE contour to be integrated.
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Consider the following integral equation.

CPCEyI(r )Mdg

N e

OG(r )

@chhyEy,(r)Mde +lim j[E (ry—20e . (3.23)

N\Q

The Cauchy term integrates the large contour, and the second term on the right integrates the

small contour that surrounds the singularity on the boundary of the DOE. & [im|f— ?'| and a is

the exterior angle at a singular boundary point. To evaluate the second term on the right in

Equation (3.23), the small argument approximations for the relevant Hankel’ s functions are used.

These are
@ Y
Ho”OF + j—=In(-——),and (3.24)
T 2
o .2
H® + ) 3.25
1 OF > 70 (3.25)

These equations are valid as - 0. Euler's constant, v, is equal to 1.781. Substituting

Equations (3.24) and (3.25) for the Green's functions and their normal derivatives in

Equation (3.21) allows the following integral operations,
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=
CPCG r,T' v2(1) ‘=

(3.26)

Here, a isthe exterior angle at a boundary point as shown in Figure 3.4. Since lim UIn(L)) =

the far right hand integral goes to zero, yielding the following expression

Cﬁ G, (1 _,)6Ey2(r )

W OE,(T)
de' —cﬁmhsz(r,r) = ds (3.27)

Theintegral containing the normal derivative of the Green’s function and the electric field is next
evaluated,

§.Er,, 28 g =

(ﬁCauchy ( )yz%df +—= sz (n [ﬂ) yz(r )[ 2 D] De . (328)

N\Q'—'N‘Q

Keeping in mind that the term (N [F) is equal to 1 over the circular arc enclosing the singularity,

the expression above can be reduced to this equation

on 0G,(T,TY) , . _ 0G (r (@) O
¢ E( )yo o e =y BT )yo 5 ll "= E,o(N)o (3.29)
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The expressions in Equations (3.27) and (3.29) can be inserted into the expressions of

Equation (3.21) to obtain these equations for the scattered fields at a point on the DOE boundary.

9G,(1T) g (r.py 2By
yl(rb)(zj Ee(5) + P, [E,,(r) 220D 5 ~G(n ) e (3.30)
y[1-9 ) = 0G,(1,1) _ o o o OE(F). |
Eyz(rb)(l Zn)_—cﬁmhy[ y2(r) o ~CaTT) 0 A (3.31)

Now that two expressions exist for the fields at the DOE boundary, which for the
beamfanner designs is an air/silicon interface, it is possible to use boundary conditions derived
from Maxwell's equations to eliminate two unknowns from the set of Equations (3.30) and

(3.31). Figure 3.5 showsthefields at the interface between regions 1 and 2.

TE ™

N4 (Region 1) N1 (Region 1)

N2  (Region 2) N2 (Region 2)

Figure3.5 TE and TM fields at adielectric interface.

The relevant boundary conditions for this analysis can be obtained from Maxwell’s curl

equations. They state that
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Ax(E,-E,) =0 and (3.32)

Ax(H,-H,) =0. (3.33)

It follows from Equation (3.32) that for the TE case, E, =E,. For the normal derivatives, itis

y2*

useful to present apair of vector identities,

ax(bxc) =(a@)b -(ab)c and (3.34)

al{bxc) =b[{c xa) =¢ [a xb). (3.35)

The electric fields take the form E=E, ¥ :|E|e‘j‘m)§/, and the gradient can be expressed as
DEF= - JKE= - j(KOt)E,t- j(KOA)E,A in which t and fi are the tangential and normal unit
vectors with respect to the interface. Using the time harmonic Maxwell curl equation for the
electric field, 3x E=— ¢op H=- jkx E, and the vector identity of Equation (3.34), the wave

vector can be solved as afunction of the fields,

Wy

Rz(ED_E)ExH. (3.36)

Substituting this expression for the wave vector into the expression for the gradient of the field
gives
jE

OEf - (_YE‘j_E")“‘[«B ADDE (B FOR)A] . (3:37)

By taking the dot product of the unit normal vector with the gradient of the electric field and

applying the second vector identity, Equation (3.35), this relationship is obtained,
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ADE= = gop (x H)IA= - op§C(Hx A) = jopy A xH). (3:39)

Notethat E[E = EyEy . The vector, i, isthe unit normal pointing outward from region 1. Thus,
for region 1, it can be seen that AMDE= ¢op §0(7x Hy), and for region 2,
ADE, = ¢op Y0(fx H,). Assuming p, =|,, subtracting the expression for region 2 from
region 1 yields the boundary condition of Equation (3.33), Aix(H, —H,) =0. It can therefore be

sadthat NDE = Al E,, or

0E,, _93E,,

) 3.39
on on ( )

For the TM case, first note that Aix(H, -H,) =0, H, =H,, at the interface. For the

normal derivative, an analysis similar to that for the TE case is used. Taking
H=H,J=|H[e’*§, it can be seen that OH=~ jkH=~ j(kJ)H,t j(kOA)H,A. Again,
assuming time harmonic Maxwell’s equations and the vector identity of Equation (3.34), the
wave vector can be solved in terms of thefields, x He §oe E= — jkx H. By crossing both sides

of the eguation with the magnetic field, using Equation (3.34), and solving for the wave vector,

this expression is abtained,

k=—2% ExH. (3.40)

Using a similar argument similar to that for the TE case, the gradient and normal derivative for

the TM magnetic field is solved.
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__Hwe e s
H= Gﬂﬂf«a AOhE ((Bx AYOA)A],

=~ 986 gy g B, and
7= gy P0G B G B,

N _ —jmsHy _

F R FO(fx Ex - joe Y0(Ax E).

(3.41)

Since Ax(E, -E,) =0 at the interface, and € =¢g,n?, where n. are the indices of refraction of

the indexed dielectric media, the normal derivatives have this relationship,

(3.42)

Equations (3.39) and (3.42), along with the continuity of the fields across the boundary

between regions 1 and 2, allow the integral equations for the TE fields at the surface of the

boundary to be expressed as follows,

0[5 =Eu) +],.., (£, 20T 6,010 Diar an

(3.43)
(,_« 9G,(MT) o (¢ ()
(1 )+ (B, 2D 6,y 2 D = (349
For the TM case these expressions are used.
[« 6G (.7 G (T T H', (T
Hy(rb)[zj Hiw (1) + 4, [H, (1) =202 —niGy (1, ) ———Jdr'and  (345)
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1,015+, 11, 280D i 11y 22 Do =0, (346

In Equations (3.45) and (3.46), this substitution for the normal derivatives at the boundary has

been made.

oH", (1) :iaHyl(?')

_ 1 0H,(T)
on n>  an n, on

The primed position coordinates denote an integration along the DOE contour/ dielectric

interface, with the condition, T'=T,, denoting a singular point on the boundary. E,.(T) and

Inc

H,..(T) must be known at the boundary. Finding the fields everywhere in space requires that the

fields and their normal derivatives be solved at the boundary and subsequently re-inserted into the

following integral equations, general for all space, as functions of the primed coordinates.

£, (0 =E,.(0+§ 18, 2T g, 1,19 Dy

.= [E,,(1) 2800 g (119 BTy

A1) =Hie () + 6, 11,1 2200 5 11y P g

o0 = 11, 28T 1,y Ty (3.47)

Maxwell’s equations can be used to calculate the other field components, i.e., the H, and H,

components for the TE case and the E, and E, components for the TM case.
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3.2.2 Application of rigorous diffraction theory to BEM computational procedure

Determination of the fields and their normal derivatives requires numerical techniques,
since analytical solutions only exist for a limited number of problems. It is necessary, therefore,
to present the numerical method, BEM, that was used to predict the performance of the
1-2 beamfanners. This method is implemented by dividing the DOE boundary into segmented
intervals. These intervals have indexed field and normal derivative values that serve as basis
states for the total field solution along the DOE boundary. The procedure outlined below, also
known as the point co-location method, couples every point on the DOE contour with each and
every other point on the contour through the Green’s functions and their normal derivatives.

N sample points are taken along the interface such that the TE and TM fields and their
normal derivatives can be expressed as the sum of two products of an amplitude and interpolation

function.

E,[r@)]= X E ©)=2E@(D+E.0 (3,

oE N, o " ¢ C
[r(E)] ZQ )=>Q,0(9 +Q,.@(d,

n=1

HIr©1= Y A, =3 ALa(0 +A,.6(3, ad

oH' N N .
TSR, O =3 Ra(8 +R,.0(8. (34

n=1

The two linear interpolation functions in Equation (3.48) are next defined as
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148 (3.49)

Thevariableg is defined over theinterval [-1,1]. The interpolation functions of Equation (3.49)
allow a coordinate transformation that enables the field amplitudes at the sampled points to be
uncoupled from the integrals of Equation (3.47) [37]. The position coordinates along the

boundary transform in this manner.

Rn (E) = Xn(&(z) +Xn+1(p2( E) and

2n (E) = Zn(pl(z) +Zn+l(g( E) . (350)

z,,and z,,, represent adjacent sample points on the DOE boundary, and X, (§)

X X

n 1 n+l?

and z, () areinterpolated coordinate values between the sample points. The sampleindices,

n, not to be confused with refractive indices, are numbered in a sequential counterclockwise
fashion along the boundary. It is possible to characterize Equation (3.47) astwo equationsin
2N unknowns for both the TE and TM cases. To generate the necessary 2N equations for the
2N unknowns, an inner product between both sides of Equation (3.47) istaken with aset of N

weighting functions. These weighting functions are Dirac-delta functions.

O, =dR,(9 —T']1=1 L,(§)=T",

=0, otherwise.

The vectors, 7', form a set of N position vectors along the DOE contour. With the field

amplitudes uncoupled from integrands, and the proper number of equations and unknowns,
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Equations (3.43), (3.44), (3.45), and (3.46) can be put in the form of a matrix equation for the TE

and TM cases. They take the following form,
Couplin Output Input
p. J P = ™ : (3.51)
Matrix | | Vector| | Vector |
Specificaly, this equation looks like

Zln,m Yln,m Eym —_ EIr:C
N -

2 H inc
™ | S MY | Pm | He | (353)
z2,.. -nY2, . IIR 0

ym

In these matrix representations, the n index represents an interpolated point, and the m indexes all
sample points along the boundary that act on n. Theincident fields must be known at the sample
points along the boundary. To avoid confusion between indexed points and indices of refraction
for the TM case, Equation (3.53), n, and n, are the indices of refraction for media 1 and 2
respectively. The Y and Z expressions are NxN matrices, which are concatenated to form the
2Nx2N coupling matrix. The input and output vectors are of dimension 1x2N, where N is the

number of sample points along the DOE contour. H,~and R, are both 1xN vectors that are

concatenated to form the 1x2N output vector. H™ and the 1xN null vector similarly form the

1x2N input vector. To solve for the output vector, it is straightforward to perform a matrix

inversion on a computer with MATLAB software for the following expression,
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[Coupl?ngr{ Input} {Output} | (3.54)
Matrix Vector | | Vector |

nm

The Y and Z matrices, which are the uncoupled field representations of Equations (3.43), (3.44),

(3.45), and (3.46), are given next.
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lej_l{ o QG 9,). 1] += (Q(E)Gl[r(xn_l,yn_l),rm]}di, (3.56)
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Here, Al isthe length of the corresponding nth line segment on the contour between sample

points and d§ = ZAOM

For the purpose of numerical integration of Equations (3.55), (3.56),

n

(3.57), and (3.58), the & interval is divided into a finite number of evenly spaced points. A

greater number of sample and interval points yield solutions of greater accuracy. Once the matrix

inversion is performed, and solutions for the fields and their normal derivatives at the boundary
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are obtained, these solutions become the surface distribution terms from which the fields in all

space can be calculated using Equation (3.47) [38].

3.3 Design and positioning of the Nicholsand UAH arrays

Two beamfanner designs were developed. The first, a 1-4 beamfanner array, was to be
integrated with the IR camera focal plane array for Nichols Research Corporation. It proved
impossible to successfully fabricate but did possess value in terms of useful experience gained in
the fabrication attempt. The second, the UAH array, was redesigned with larger feature sizesin
an effort to allow for greater ease of fabrication both from the standpoint of photolithography and
the subsequent reactive ion etching process. The UAH array consists not only of a 256x256
1-4 beamfanner array similar to the original Nichols design, but it has, in addition, a group of
1-2 beamfanner arrays. These later arrays serve as a test of concept, since the IASA and BEM
techniques were used to design 1-2 beamfanners. In addition to the 1-2 beamfanner arrays, there
is a set of small 5x5 1-4 beamfanner arrays that correspond to specific positions on the large
256%256 array. The smaller sets of arrays have the added advantage of being easy to test with an
IR lens system and camera, since they correspond to known positions in the large array, which
would otherwise be difficult to locate.

Computer code for design and testing of the beamfanner arrays was written in Matlab.
The codes employed for the design of the beamfanner arrays were named ‘doe fab' and
‘dvemskrd’. ‘Doe fab’, given in Appendix A, was written and subsequently often modified by
Steve Médllin. It served in the design of both the Nichols and UAH arrays. ‘Dvcmskred’ was
written by this author and was used in conjunction with ‘Doe fab’ to design the UAH array.
Both codes organized etch-depth data so that Canyon Materials and MEMS Optical could

fabricate the requested grayscale masks. ‘BEM_off axis', given in Appendix A, is the name of
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the program written by Steve Méllin to test the beamfanner designs. The output of this program

can be viewed in Figures 3.13-3.28. ‘Snr2d’ is the program written by Mellin and this author to
calculate diffraction efficiency and signal-to-noise ratio as presented later in Tables 3.1 and 3.2.

The Nichols array was to be integrated with the IR camera focal plane array being
developed in conjunction with Nichols Research Corporation. It was developed by Steve Méllin
using IASA, tested with BEM, and generalized to a three-dimensional 1-4 beamfanner design.
The first step was to develop a working 1-2 beamfanner design with 256 phase levels, equally
spaced, and lateral feature sizes with an area of 1 square micron. This design was done with the
scalar algorithm, IASA, to develop a DOE profile for the case of on-axis plane wave illumination.
This profile was then tested with the rigorous method, BEM. TE, TM, and scalar plots of the
irradiance in the detector plane are in extremely good agreement, as shown in Figure 3.11. One
of the advantages of IASA, mentioned previoudly in the first section of this chapter, isthat it is
more computationally efficient than rigorous methods. As mentioned previously, IASA seems to
test very well with rigorous theory such as BEM and FDTD analysis for some cases[39].

When the desired diffraction pattern was confirmed with BEM, the design of the
beamfanner was modified so that the lateral feature sizes were a combination of 2-micron and 3-
micron square regions. This was necessary since Canyon Materials, who supplied the grayscale
HEBS mask, could not form mask regions with areas smaller than 2 square microns. The
modified design was re-evaluated with BEM and found to be satisfactory.

In addition, the design had to take into account the combined effects off-axisillumination
and converging spherical illumination. For the diffracted IR light to be directed into the polarizer
apertures described in the introduction, a modification of the basic plane wave design was
necessary. This modification required that the converging spherical wave fronts be flattened, and
it also required that the direction of propagation be turned paralel to the optical axis. Tilt and
curvature were built into the beamfanner design to satisfy these requirements. Figure 3.7

illustrates the illumination of a DOE surface using a converging spherical wave. Note that the
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input side of the DOE/beamfanner surface, which consists of the etched features of the

beamfanner, is not the point of focus. Rather, the output side of the beamfanner serves as the

focal and detector plane, and a wave front of finite spatial extent is sampled over the input side.

Aperture stop of
objective lens

DOE surface '
© Focal plane
Maximum

etch depth
surface

Figure 3.6 Scheme for the spherical illumination of the beamfanner with maximum etch-depth
on the incident surface, t, and incident fields sampled over afiniteinterval, x, with a
virtual focus on the focal plane at point P, which is a distance, a, from the incident
surface.

For each of 128 individua 1-2 beamfanners, progressively corresponding to points
representing on-axis illumination outward to a distance 6.4 mm off-axis, a corresponding
adjustment for tilt and curvature had to be added to the plane wave DOE design shown later in

Figure 3.12.
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IASA, vielded effective 1-2 beamfanner designs,

1-4 beamfanners were generated by cross-feature depth addition of the 1-2 beamfanners. This

represents an outer product of feature phases, and is demonstrated in Figure 3.7.

1-2 Beamfanner Etch Levels (Gray)

E1 E2 E3 E4 E5 E6

El El+E1 | E24E1 | E3+E1 | E4+E1 | E5SHE1 | E6+EL
E2 El-+E2 | E2tE2 | E3+E2 | E4+E2 | E5+E2 | E6E2
E3 E1-+E3 | E24E3 | E3+E3 | E4+E3 | E54E3 | E6+E3
= E1+E4 | E2+E4 | E3+E4 | E4A+E4 | E5+E4 | E6HE4
E5 El1+E5 | E2+E5 | E3+E5 | E4+E5 | E5-+E5 | E6+ES5
E6 El+E6 | E24+E6 | E3+E6 | E4-+E6 | E5-+E6 | E6FE6

Figure 3.7 Addition of phase levelgetch-depths to fabricate the 1-4 beamfanner from 1-2
beamfanners.

1-4 Beamfanner Etch Levels (White)

Note that Figure 3.7, which is a simplified but direct analog to the lower right hand

corner of the 1-4 beamfanner array, is athree-dimensional 6x6 feature array generated from a 6x1

two-dimensional feature array. The development of the 1-4 beamfanner design appears to assume
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that the Fresnel approximation is valid, and orthogonal field solutions are separable [40], [41].

This is not truly the case, since this approximation requires features to be much larger than the
wavelength of the incident light. Time constraints and computer memory issues required that this
design shortcut be taken.

Mellin’s 2-3-micron feature design yields a quadrant dimension of 2944x2944 features,
which represents 23x1 features per individual 1-2 beamfanner and 23x23 features per individual
1-4 beamfanner. The other three quadrants are easily generated. The upper right is reflection-
symmetric to the lower right about a horizontal axis, and the upper left and lower left are
reflection-symmetric to the upper right and lower right about a vertical axis. The latter 5-micron
feature design by this author has a quadrant size of 1280x1280 features, with 10x1 features per
individual 1-2 beamfanner and 10x10 features per individual 1-4 beamfanner.

Two possible approaches can be considered for the design of beamfanners with larger
lateral feature sizes, fewer phase levels, or both. The first is to run the IASA agorithm, using
larger lateral feature sizes and a reduced number of phase levels, followed by rigorous
performance testing using BEM. Since this technique was already employed to develop an
optimal 1-micron feature size, 256 phase level design for the 1-2 beamfanners, it made sense to
modify this design directly through a second approach. This second approach is a partition and
phase level re-sampling technique. It is accomplished by finding the average of the depths for
adjacent smaller features over adesired larger lateral feature extent in the basic 1-2 beamfanner

design. Thisisshown pictorially in Figure 3.8.
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<)

Figure 3.8 A sixteen lateral feature, 16 phase level DOE, a), isre-sampled, b), to have a
selection of 8 phase levels and 4 lateral feature sizes, ¢). Note that the choice of 4
lateral features reduces the number of available phase levelsto 4 in this example.

This average is then rounded to the nearest depth allowed in a reduced number of evenly
spaced phase level values. Figure 3.8 illustrates this process for a DOE profile with 16 lateral
partitions and 16 phase levels that is converted to a profile with 4 lateral partitions and 8 phase
levels. Thisis a simplification of what was done with the 50 lateral partition, 256 phase level
DOE that represents the basic design for an individual 1-2 beamfanner. There is a tradeoff
between larger feature sizes and device performance, since smaller feature sizes better
approximate the smooth contours of anideal device. After the beamfanner was redesigned, BEM
was used to determine if the diffracted intensity pattern exhibited the desired beam splitting
characteristics. This method was used to design the 2-3-micron feature, 256 phase level
beamfanner array for Nichols, and it was later used to design beamfanner arrays with 8, 16, 32,
and 64 phase levels in combination with lateral feature sizes of 5, 6, 7, and 10 microns for the
UAH array.

Designing and constructing beamfanners with larger features permits the exploration of
two important avenues of research. First of al, it is possible to compare performance of the
larger feature devices with the smaller feature devices. Secondly, the larger features allow easier
measurements of etch-depth with the use of a profilometer. These two items can yield important

information whether or not the 1-4 beamfanner focal plane array tests successfully. If the
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1-4 arrays won't work, the 1-2 arrays might yet possibly perform well enough to yield good test

results, and can be compared as a function of their lateral feature sizes and phase quantization.
Reliable etch-depth measurements are necessary to determine the repeatability of the fabrication

process and how etch selectivity is dependent on etch-depth.

3.3.1 Nichols beamfanner array description

Both the Nichols beamfanner array, where the photolithographic processis achieved with
contact exposure through a HEBS mask manufactured by Canyon Materials in San Diego,
California, and the UAH beamfanner array, where the photolithography is a proprietary process
of MEMS-Optical in Huntsville, Alabama, have as their centerpiece a 256x256 1-4 beamfanner
array. The Nichols version of this main array, as mentioned previously, has 2-3-micron lateral
feature sizes. This array is the focal plane element to be integrated with the infrared camera
system. The centers of these 12.8 mm square arrays are both located at the midpoint of the
horizontal axis shared by a pair of alignment marks. These alignment marks are designed both to
align other focal plane elements, the polarizer arrays and the waveplate arrays, to the beamfanner
arrays. In the case of the UAH array, there are also marks, described in Chapter 6, designed to
align amask in a stepper to the silicon substrate during the photolithographic process.

The Nichols array also has five sets of 5x5 arrays that between them possess features that
correspond to al 256 possible phase levelgetch-depths. These arrays arein arow directly below
thefocal plane array. All 25 beamfannersin each individual set are duplicates. Adjacent to each
5x5 array is a single beamfanner that is a duplicate of the individual beamfanners in the 5x5
array. These smaller arrays and individual beamfanners could have served as test cases for
beamfanner performance if the fabrication had been successful. They did, however, yield insight
that led to the development of modifications later employed in the UAH array, since it was easy

to examine the effects of photolithographic and etching processes on the feature fiddlity of these
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smaller, isolated, stand-alone arrays. These modifications will be covered later. The Nichols

array aso has twenty seven 0.2x0.8 mm rectangular pads corresponding to phase level 0
(shallowest etch/highest optical density) through phase level 250 in increments of 10, plus level
255 (deepest etch/lowest optical density). They are arranged in arow above the focal plane array.
These pads are useful for etch selectivity calibration. The configuration of the Nichols array is

presented below in Figure 3.9.

Calibration pads

JooaoooooooaoaNEOTA0 Ay

Beamfanner focal plane array

Gratings

Individual beamfanners 5 by 5 beamfanner arrays

Figure 3.9 A view of the Nichols beamfanner array.
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Although thisfirst array was developed using a calibration curve relating optical densities

to etch-depths from pads on atest HEBS mask, it was deemed prudent to have a set of pads more
closely spaced in optical density for future calibrations. There are also gratings, in groups of 4,
with spatial periods of 10, 20, 50, 100, and 400 microns. They are positioned at the end of the
row of the smaller 1-4 beamfanner arrays. As with the small beamfanner arrays, it was possible
to draw conclusions regarding the fidelity of photolithographic and etching processes from their

effects on the small step features of these gratings.

3.3.2 UAH beamfanner array description

The UAH array has, as mentioned, the main 256x256 array, but it has been modified with
lateral feature sizes of 5 square microns and 64 phase levels/etch-depths. Beneath the left half of
the main array are located 64 5x5 arrays of 1-4 beamfanners. To the right of the main array are
located 48 1x5 1-2 beamfanner arrays. As can be seen in Figure 3.10, the 1-4 5x5 arrays are
grouped in 4x4 sguares.

Each of the 16 5x5 1-4 beamfanner arrays in these squares correspond to a specific lateral
feature size and number of possible phase levels/etch-depths. The first through fourth columns of
5x5 arrays have 5, 6, 7, and 10 square micron lateral feature sizes respectively. The first through
fourth rows have 8, 16, 32, and 64 phase levels respectively. Each of these squares corresponds
to one of four pixels on the main array. Columnscl, c2, c3, and ¢4 correspond to the center-pixel
of the main array. Columns m1, m2, m3, and m4 correspond to the middle-pixel of the main
array. Columns sl, s2, s3, and 4 correspond to the side-pixels of the main array. Columns col,
€02, co3, and co4 correspond to the corner pixel of the main array. The center-pixel has its | eft
and bottom sides aligned to the vertical and horizontal axes of the main array respectively. The

middle-pixel has its right side aligned to the vertical axis 3.2 mm from the center and bottom to
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the horizontal axis of the main array. The side-pixel hasitsright side aligned to the right side of

the main array and bottom aligned to the horizontal axis. The corner pixel islocated at the lower
right hand corner of the main array.

The group of 1-2 beamfanner arrays are divided into 3 4x4 rectangles of 1x5
1-2 beamfanner arrays. As can be seen in Figure 3.10, the top 4x4 rectangle represents the
center- pixel, the middle 4x4 rectangle represents the middle-pixel, and the bottom 4x4 rectangle

represents the side-pixel.

1-2 Beamfanner Arrays
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Figure 3.10 View of the UAH beamfanner array, where scan lengths represent the number of
lateral featuresin the width of a single beamfanner.
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Columns p10, p8, p7, and p5 correspond to 5, 6, 7, and 8-micron horizontal feature sizes

(the 1-2 beamfanners each span 300 microns in the vertical direction). Like the 1-4 beamfanner
arrays, the first through fourth rows in each 4x4 rectangle represent cases of 8, 16. 32, and 64
phase level /etch-depths. The individual 1-2 beamfanners are adjacently grouped into 1x5 arrays
for the purpose of examining optical cross talk during testing. Since the 1-2 beamfanners are
modeled with the assumption of cylindrically converging illumination, the 750-micron vertical
dimension was incorporated in the design.

As stated before, the purpose of the larger feature sizes is to yield a beamfanner where
the photolithographic and etch processes are able to transfer these features with a high level of
fidelity, i.e, the 2-3-micron feature size design proved impossible to fabricate as even a
reasonable approximation of the design parameters with available tools and methods. The
2-3-micron features could not be patterned into photoresist without diffractive blurring of the
feature edges, and the etch process further deteriorated the fidelity of these features through edge
rounding. However, the higher fidelity sought in the UAH array, based on larger feature sizes,
comes at a cost in device performance. Device performance will be discussed in the final section.
Details of the photolithographic and etch processes will be covered in the next chapter.

The 1-2 beamfanners, as previously mentioned, provide the only accurate means by
which to test the actual device performance against the performance predicted by BEM. The
original 2-3-micron feature size design did not include 1-2 beamfanners, but the 5-micron-plus
feature size design of the second beamfanner array series includes 48 1x5 arrays of
1-2 beamfanners. These 48 are divided into three sets of 16 with each set representing an on-axis
pixel, a pixel located midway between the on-axis pixel and side of the main array, and a side-
pixel. Again, there are sixteen arrays, since each corresponds to one of sixteen possible

combinations of phase leveldlateral feature sizes. Note that the corresponding 1-4 beamfanners,
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center, middle, and side, were generated from the addition of the center 1-2 beamfanner design

with the center, middle, and side 1-2 beamfanner designs respectively.

f=26mm

[ B

Side pixel beamfanner
(far off-axis illumination)

Middle pixel beamfanner
(mid off-axis illumination)

Center pixel beamfanner

Incident light (5 micron WL) (on-axis illumination)

(collimated or from infinity)

f/2 lens

Beamfanner array
(Located at focal plane of lens)

Figure 3.11 Center-pixel (on-axis) illumination and middle and side-pixel (off-axis) illumination
of beamfanner focal plane array.

As shown in Figure 3.11, these 1-2 beamfanners were designed for illumination by 5-
micron light through a cylindrical f/2 lens with afocal length of 26 millimeters. The long axis of
the beamfanners must be aligned parallel to the long axis of the cylindrical lens, and these axes
face out of the pagein Figure 3.11.

The choice of center, middle, and side-pixel cases is motivated by a need to examine the
performance of beamfanners over a wide range of paositions while at the same time keeping the
number of case studies to a minimum. Center, middle, and side cases offer the advantage of
examining performance over the horizontal width of a two-dimensional analog of the main
beamfanner array. The three cases and their predicted performance, as well as trends in

performance, are examined in the next section. Keep in mind that these cases are ideal designs,
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and fabrication to within the exact specification of the designsis difficult, though not as much so

asfor the 2-3-micron feature size arrays.

3.4 BEM performance simulation of beamfanners

For the purposes of beamfanner analysis, there are two important factors that must be
addressed. First of al, an ideal 1-2 beamfanner will divide light evenly between two intensity
maxima.  Figures 3.12-3.29 in Section 3.4.1 address this issue. Secondly, an ideal
1-2 beamfanner will direct all of the light into both of the desired 15-micron apertures that are
spaced 25 microns center-to-center about the middle of the beamfanner. Tables 3.1 and 3.2
guantify this property in terms of a diffraction efficiency and signal-to-noise ratio defined in

Section 3.4.2.

3.4.1 Analysisof 1-2 beamfanner irradiance as afunction of detector plane position

The actual symmetry of the beam splitting about the center of the beamfanners is of
paramount importance, since they are intended to split the incoming radiation into two separate
and equal beams. Since TE and TM illumination were examined separately for the BEM
analysis, separate plots of these polarizations can yield insight into whether or not they produce
similar flux profilesin the detector plane.

The closest approximation of an ideal device, Figure 3.12, comes very close to achieving
these two conditions, according to BEM. The 2-3-micron lateral feature sizes of Mellin’s design
also demonstrate advantageous performance according to BEM analysis. Figure 3.12, it should
be noted, is the case for 1-micron features, 256 phase levels, and plane wave illumination. Figure
3.13 also considers 1-micron features and 256 phase levels, but shows device profiles and

performance for center, middle, and side-pixel cases, where off-axis spherical illumination is
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considered. These cases aso come very close to achieving the flux symmetry condition and

balance between the TE and TM detector plane irradiance.

Next presented are the plotted results of BEM analysis on the 48 1-2 beamfanners that
have been redesigned with larger lateral feature sizes and fewer etch-depths/phase levels. They
correspond to the arrays in columns pl0, p8, p7, and p5 in Figure 3.10. Beamfanner design
profile and irradiance plots for the 1-2 beamfanners on the UAH array, given in Figures 3.14
through 3.29, are given below. Figures 3.14-3.17 show the 5-micron lateral feature size case,
Figures 3.18-3.21 show the 6-micron lateral feature size case, Figures 3.22-3.25 show the 7-
micron lateral feature size case, and Figures 3.26-3.29 show the 10-micron lateral feature size
case. Each group of four contains the 8, 16, 32, and 64 phase level subset of the specific lateral
feature size case. On each individual figure, from top to bottom, the center-pixel, middle-pixel,
and side-pixel cases are plotted. The plots on the | eft of each diagram show theirradiance, or the
Poynting flux, defined as S=Re(E xH), as a function of position in the detector plane. As
mentioned previously, this detector plane is located 340 microns from the beamfanner, with its
x=0 position corresponding to the x=0 position on the plot of the beamfanner profile to the right.
The plots on the right are the actual 1-2 beamfanner design profiles as they would appear idedly

etched in silicon.
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1-2 beamfanners for the 5-micron lateral feature size, 16 phase level case.
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Figure 3.17 From top to bottom: irradiance and DOE profile for center, middle, and side-pixel
1-2 beamfanners for the 5-micron lateral feature size, 64 phase level case.
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Figure 3.18 From top to bottom: irradiance and DOE profile for center, middle, and side-pixel
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Figure 3.19 From top to bottom: irradiance and DOE profile for center, middle, and side-pixel
1-2 beamfanners for 6-micron lateral feature size, 16 phase level case.

57



200x10"
£
) 150 — 2
- =
g —TE B
----- ™ S
g 100 — hd
g S
-E‘é ©
H 50 — u
it i
N PV PN
0 i T i |
-200 -100 0 100 200 =30 =20 -10 0 10 20 30
X (m) x(um)
;
-6 . —
200x10" - =
o =3
E p—
‘é 150 — g
O
g o
100 —
= 50 — O
]
0 —_
-200  -100 0 100 200
X (um)
B %
200x10" | ) .
} £
o 3
g 150 — £
Z =4
2 s
g 100 <
3 3]
=] [(}]
= 50 W
]
0 -

-200  -100 0 100 200
x (pm)

Figure 3.20 From top to bottom: irradiance and DOE profile for center, middle, and side-pixel
1-2 beamfanners for 6-micron lateral feature size, 32 phase level case.
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Figure 3.21 From top to bottom: irradiance and DOE profile for center, middle, and side-pixel
1-2 beamfanners for 6-micron lateral feature size, 64 phase level case.
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Figure 3.22 From top to bottom: irradiance and DOE profile for center, middle, and side-pixel
1-2 beamfanners for 7-micron lateral feature size, 8 phase level case.
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1-2 beamfanners for 7-micron lateral feature size, 64 phase level case.
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Figure 3.27 From top to bottom: irradiance and DOE profile for center, middle, and side-pixel
1-2 beamfanners for 10-micron lateral feature size, 16 phase level case.
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Figure 3.29 From top to bottom: irradiance and DOE profile for center, middle, and side-pixel
1-2 beamfanners for 10-micron lateral feature size, 64 phase level case.
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A variety of observations can be made from these plots. First of all, it should be stated

that the on-axis case (center-pixel) has either a symmetric or very nearly symmetric irradiance
distribution about the center of the detector plane. The 10-micron lateral feature size case has
more flux located interior to the detector regions than other center-pixel cases. Thiswould seem
to be due to the shallow trough in the bottom of the 10-micron lateral feature size design. The
center-pixel designs with slight asymmetries are due to the slightly asymmetric designs of the
beamfanner profiles. This was an artifact of the lateral feature size re-sampling technique
discussed earlier.

Examination of the far off-axis case (side-pixel) shows up the weakness of the larger
feature sizes. Thereis not asingle case that does not demonstrate flux asymmetry, but the cases
with 5-micron lateral feature sizes and 32 and 64 phase levels hold some hope. The 6-micron
lateral feature size, 16, 32, and 64 phase level cases may perhaps be useful, but for these off-axis
cases there is considerable flux in the detector plane well outside the 50-micron wide region that
corresponds to the position meant for illumination. In an IR camera focal plane element, this
would yield unwanted cross-talk. These are the best cases, and it is clear from examination of all
plots that flux asymmetry and cross-talk will increase as illumination goes further off-axis. Flux
symmetry shows some improvement with increased phase quantization. Increased phase
guantization allows the design a better chance of selecting phase levels closer to the levels
prescribed by the original 256 phase level design. These plots suggest that with 16-plus phase
levels, it is possibleto get very similar flux symmetry characteristics.

Larger lateral partitions yield cases with more flux located outside the two 15-micron
wide detector regions. More TM flux gets transmitted than TE flux as illumination progresses
further off-axis. The TE and TM fluxes both exhibit similar degrees of symmetry/asymmetry,
however. Most important is the fact that neither TE nor TM flux is disproportionately small with

respect to the other. Animaging polarimeter is only useful if both modes are present.
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3.4.2 Diffraction efficiency and signal-to-noise ratio of 1-2 beamfanner irradiance

Table 3.1 and Table 3.2 give the predicted diffraction efficiency and signal-to-noise ratio
of the 48 1-2 beamfanners. These are quantitative measures of beamfanner performance and are
important, because it is necessary to have most of the power transferred through the photo-
detector apertures rather than outside the apertures, where it can contribute to cross-talk between
individual beamfanners. The actual quantity determined in the detector plane is the Poynting

flux, or irradiance, given by

S=Re(ExH), (3.59)

and diffraction efficiency and signal-to-noise ratio are defined as

S _pE (3.60)
Set
and
S —gNR (3.61)
od

respectively. S,, S, ,and S, represent the flux through the detector apertures, the total flux

across the 50-micron field of the detector plane, and flux outside the detectors respectively.



Table 3.1 Diffraction efficiency of individual 1-2 beamfanners
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5u feature size 8 phase levels 16 phaselevels | 32 phaselevels | 64 phaselevels
Center-pixel 0.87 0.87 0.87 0.87
Middle-pixel 0.82 0.84 0.85 0.84
Side-pixel 0.78 0.78 0.79 0.80
6 feature size 8 phase levels 16 phaselevels | 32 phaselevels | 64 phaselevels
Center-pixel 0.89 0.88 0.88 0.89
Middle-pixel 0.80 0.85 0.84 0.84
Side-pixel 0.74 0.78 0.77 0.77
7u feature size 8 phase levels 16 phaselevels | 32 phaselevels | 64 phaselevels
Center-pixel 0.86 0.86 0.86 0.86
Middle-pixel 0.81 0.82 0.81 0.81
Side-pixel 0.76 0.70 0.66 0.69
10u featuresize | 8 phaselevels 16 phaselevels | 32 phaselevels | 64 phaselevels
Center-pixel 0.85 0.85 0.85 0.85
Middle-pixel 0.77 0.75 0.76 0.76
Side-pixel 0.59 0.50 0.51 0.52




Table 3.2 Signal-to-noise ratio of individual 1-2 beamfanners

71

5u feature size 8 phase levels 16 phaselevels | 32 phaselevels | 64 phaselevels
Center-pixel 6.83 6.82 6.83 6.92
Middle-pixel 4.51 5.25 5.68 5.12
Side-pixel 3.62 3.64 3.87 3.99
6 feature size 8 phase levels 16 phaselevels | 32 phaselevels | 64 phaselevels
Center-pixel 7.98 7.60 7.65 7.72
Middle-pixel 4.10 5.46 5.23 5.36
Side-pixel 2.81 3.49 3.33 341
7u feature size 8 phase levels 16 ph.aselevels | 32 ph.aselevels | 64 phaselevels
Center-pixel 6.34 6.33 6.31 6.28
Middle-pixel 4.19 4.59 4.33 4.38
Side-pixel 3.18 2.37 1.98 2.24
10u feature size | 8 phase levels 16 phaselevels | 32 phaselevels | 64 phaselevels
Center-pixel 5.55 5.50 5.54 5.52
Middle-pixel 3.31 2.99 3.19 3.12
Side-pixel 141 0.99 1.05 1.10

The diffraction efficiency and signal-to-noise ratio values of Tables 3.1 and 3.2 are
presented in terms of the sum of TE and TM flux rather than treating them separately. Some
important information can be obtained from these tables. First of al, the diffraction efficiency
and signal-to-noise ratio both decrease as illumination is directed further off-axis. The 1-micron
lateral feature design does not demonstrate such severe degradation, but the larger feature sizes
make far off-axis performance very poor.

The center-pixels are acceptable, with the 5-micron, and especialy the 6-micron lateral
feature size cases yielding an excellent center-pixel flux. The 7-micron and 10-micron lateral
feature size beamfanners have good diffraction efficiency and signal to noise ratio as well, since

the larger feature size designs closely approximate the ideal design.
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As a basic trend, signal-to-noise ratio and diffraction efficiency are functions of latera

feature size, with larger feature sizes yielding decreased flux through the detector apertures. The
5-6-micron cases are close enough to be atossup, however.

For the case of BEM-predicted design performance, it can be concluded that the 5-6-
micron lateral feature sizes cases, with 16 or more phase levels, hold the best hope for
constructing viable 1-2 beamfanners, since they split the light more evenly and possess greater
diffraction efficiency and signal-to-noise ratio as defined in Equations (3.60) and (3.61). Whether
they can be generalized to viable 1-4 beamfanners through the etch-depth addition previously
discussed is another matter. In any event, the case of far off-axis illumination is very
problematic. Perhaps larger feature sizes will necessitate smaller beamfanner arrays that don’t

catch the far off-axisilluminating light.



Chapter 4

FABRICATION OF NICHOLS AND UAH BEAMFANNER ARRAYS

There are three main steps involved in the fabrication of a DOE, using HEBS grayscale
techniques, which are applicable to the Nichols array. First, an etch-depth vs. optical density
calibration curve must be developed. This is accomplished using a grayscale test mask with a
wide range of optical densities to expose photoresist that has been spun on top of a material of
which the DOE will be composed. For this research, the material is silicon. This photoresist is
then soft-baked and developed with an alkali-based chemical. A reactive-ion-etch is performed,
and a measurement of the optical density vs. etch-depth in silicon is obtained. The second step is
to use the optical density vs. etch-depth curve generated from this measurement to design a
grayscale mask with the appropriate optical densities that correspond to the etch-depths of the
planned DOE. This is accomplished in conjunction with companies that can fabricate such
masks. Finaly, asin the first step, the DOE grayscale mask is used to pattern photoresist on a
silicon substrate. This is etched to produce the desired DOE. Section 4.1 will present the
specifics of this process for the fabrication of the Nichols array.

For the production of the UAH array, the photolithography process was contracted to
MEMS-Optical, of Huntsville, Alabama, so the etch process was the only step performed by this

author in the fabrication of the array. Details of thiswill be presented in Section 4.2.
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4.1 Development of 2-3-micron lateral feature size beamfanner array fabrication procedure

This section will present an overview of basic microfabrication techniques followed by
their application to the production of the Nichols beamfanner array. Lessons learned from this

effort are examined at the end of this section.

4.1.1 General micro-fabrication procedures

At the outset of this research, with corporate deadlines to navigate, it was necessary to
research all aspects of micro-fabrication in a quick but thorough manner. This involved learning
techniques such as spinning thin films of photoresist on three-inch diameter silicon wafers,
patterning this photoresist with a mask aligner/UV exposure system, developing the photoresist
pattern, and finally etching the pattern into the silicon itself. Ideally, when searching for the ideal
set of parameters for a fabrication process, it is beneficial to have enough time and equipment to
handle a search that covers a large parameter space. For the case of the first array series,
however, it turned out that although much work was done, and many lessons were learned, the
actual product itself was a disappointment. A brief discussion of the fabrication process, with

focus on photolithography and etching, will next be presented.

4.1.1.1 Photolithography

The photolithographic process begins by spinning photoresist on a substrate with a
spinner. This spinner typically has a vacuum chuck connected by a shaft to an electric motor.
This motor can typically reach speeds of up to 10,000 rpm. Depending on the viscosity of the
photoresist, it is often advisable to gradually ramp the speed of the centrifuge to a final desired

rate. A higher rate will spin athinner coat of photoresist. The photoresist, consisting of Novelac
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resin and solvents, is a polymeric substance that must be baked after coating in order to harden

the resin through removal of the solvents. This can be done on a hotplate or in a convection oven
and isreferred to as a soft-bake.

After the soft-bake, the photoresist is patterned by UV exposure through a mask followed
by development in an alkali solution. A certain amount of UV energy is necessary to achieve an
ideal exposure, and this energy is simply the power output of the exposure system multiplied by a
certain time interval. As a general rule, the UAH lab keeps the exposure power constant and
varies the exposure times for different photoresist thickness requirements. Experimentation is
necessary to determine a proper developer solution and development time. For the case of grating
structures in positive resist, under-developed ridge profiles are characterized by thick bases and
thin tops. An over developed profile is characterized by ridges that are thinner than intended and
sometimes washed out on top.

It is critical to develop a phaotolithographic process that yields profiles that can be etched
successfully. As mentioned in the second chapter, grayscale processes add to the difficulty, since
there are features with many different heights and widths. Different feature heights and feature
widths etch in differing manners, so often it is difficult to find a set of etch parameters that will
properly handle a given photolithographic profile. It isessentia to coordinate a photolithographic
profile with an etch process during the calibration stage that will yield the proper final DOE
profile.

After exposure and development, depending on the fabrication goals, a second bake may
or may not be required. For the work presented here, the second bake, known as the hard-bake,

turned out to be disadvantageous for reasons presented in the next section.
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4.1.1.2 Silicon etch

Although there is alarge amount of literature dealing with silicon etching, it was difficult
to find useful literature dedicated to grayscale silicon etching. It became clear, however, that in
order to etch photoresist on silicon, sulfur hexafluoride would be necessary to etch the silicon,
while molecular diatomic oxygen would be required to etch the photoresist. In a reactive ion
etch, sulfur hexafluoride yields free negative fluorine ions that bond with silicon atoms and form
avolatile gas that is removed via vacuum pump. The molecular oxygen likewise is dissembled
into ions that react with the polymeric photoresist. The etch rates for the photoresist and silicon
are in general different, and the ratio of the etch rate of silicon to the etch rate of photoresist, as
mentioned previoudly, is defined as the selectivity. There was also the possibility of using
triflouromethane to passivate the sidewalls of the etched features, thus increasing the degree of
etch anisotropy. The etch chemistry for the first array series employed trifluoromethane along
with oxygen and sulfur hexafluoride. The trifluoromethane actualy bonds with the silicon
sidewalls forming a protective polymeric layer that prevents undercutting of the sidewalls.
Trifluoromethane, which is an excellent etching gas for silicon dioxide, aso bonds with the
molecular oxygen, and this causes a reduction in the etch rate of the photoresist. Chlorine bearing
gases can also be employed for silicon etching [42], but were unavailable in the UAH lab. The
only options available for a photoresist/silicon etch, in fact, were sulfur hexafluoride, oxygen, and
trifluoromethane. Chlorine gas is highly toxic, and it is absolutely necessary to have a safe
disposal system for the gas. Of interest for future research would be the incorporation of argon
[43] and helium gas to promote etch anisotropy, since time and schedule did not present this
opportunity.

Aside from etch chemistry, which is dictated by controlling flow rates of the fore-
mentioned gases into the RIE chamber, there are other important parameters that must be

controlled. The chamber pressure is one parameter, and in general alow chamber pressure yields
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a slower etch rate with greater anisotropy. Another parameter is the RF power, which controls

the kinetic energy of the ions in the chamber. The goal of achieving ideal etch parameters is
based on finding an advantageous interplay between gas flow rates, chamber pressure, and RF
power. A combination of these factors must be found that yields the desired selectivity, while at
the same time producing an anisotropic etch that can be achieved in the shortest time possible.

Another important consideration is process repeatability. This requires that al relevant
parameters involved in a fabrication process are known and kept constant when producing
multiple DOEs. Thisrequires afabrication environment that has as little particulate and chemical
contamination as possible, and at UAH this environment is a class 1000 clean room. Process
repeatability also requires the upkeep of careful logs that account for all process parameters. The
RIE chamber must be reverted to the initial conditions that existed prior to the last like etch
process. This is especially important when an etch follows a previous etch with a different
chemistry. If that previous process, for example, is an oxygen and trifluormethane etch of
photoresist on silicon dioxide, and the current process is a photoresist on silicon etch using
oxygen and sulfur hexafluoride, care must be taken to remove residual potentia reactants that
could drastically alter the silicon etch. The author achieved this with frequent oxygen descum
processes coupled with frequent cathode wipe-downs. An oxygen descum removes polymer
residue in the chamber, and cleaning the cathode removes residual carbon.

There are other more subtle factors involved in achieving a successful etch result. The
placement of DOE samples inside the chamber, as well as the number of samples, can be critical.
The DOE samples themselves are reactants, and the quantity as well as surface exposure can
influence the etch results. The DOEs rest in contact with the chamber cathode, and the
temperature of this cathode, as well as the residual etch products on the cathode and inside of the

chamber walls, can affect etch results.
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4.1.2 Etch selectivity calibration

The Nichols array, as mentioned before, was generated using a HEBS mask purchased
from Canyon Materials in San Diego, California. Before this, Canyon Materials provided a
calibration mask for the determination of the etch-depth vs. optical density curve, which will be
examined in this section. The calibration mask had 50 sets of .02x.08 mm rectangular pads with
optical densities ranging form 0 to 2.0 for the wavelength of 365 nm. These 50 setswere actually
divided into two groups of 25, with one group being written with a20 KV electron beam, and the
second group being written with a 30 KV electron beam. The calibration mask also had gratings
with features as small as 5 microns across. These allowed the user to prepare a fabrication
process capable of constructing DOEs with features of this dimension. Optical density is a

measure of the degree of opacity [44]. Itisdefined as

OD=-log,, T. (4.2)

The variable T is the transmission coefficient of the specific region of the mask with the
corresponding optical density. Positive photoresists, such as Shipley Microposit 1805, 1811, and
1827 and Shipley Microposit STR 1045 and 1075, and OCG 825, were all employed by the
author in the research leading to the development of the calibration process. 1805, 1811, and
1827 are low viscosity photoresists, and they spin out into thinner coatings than the 1045, 1075,
and the 825. As a consequence, the 1045, 1075, and 825 can be etched with a combination of
parameters that yield deeper etch-depths with lower selectivities.

Higher optical densities yield higher features, or shallower feature top surface depths,
upon positive photoresist development. Thisis due to the fact that positive photoresists dissolve
easily after exposure to UV light and development in chemicals such as Microposit 351 and

Microposit MF 319, and lower optical densities transmit more UV power into the photoresist
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upon exposure than higher optical densities. As an analogy, lower optical densities dig a deeper

hole, upon development, in the photoresist. Shipley Microposit STR 1045 was the photoresist
that was eventually adopted after many trials, since it could be etched at a selectivity that yielded
better feature fidelity than the other photoresists mentioned.

A brief description of the calibration process will now be presented. The first attempts at
a successful process used 1805 and 1811 photoresists. Although the photolithography yielded
reasonable feature fidelity, etch selectivities of 10-20 were impossible to achieve. This required
the adoption of some thicker resists, and 1045 and 1075 allowed a range of selectivities between
1 and 2. The thicker resists presented a new set of challenges. The thicker patterned regions of
this resist tended to melt during the etching process, and the only remedy for this was performing
a longer soft-bake than was recommended in the material data sheets supplied by the resist
manufacturers.

The 1075 resist, which was the thickest employed, not only had a tendency to melt, but it
actually burned. When etched, a mangled, rough pattern was left in the silicon where this resist
had been etched away. At the outset, there was some confusion as to the reason for this
roughness. The author, after consulting with other researchers performing similar fabrication
processes, believed it to be related to a need to hydrate the resist after development. To thisend,
DOE samples were immersed in water for hours, and even days, prior to etching. There seemed
to be some evidence that this improved the etch process by yielding DOEs with less surface
roughness, but there was not enough evidence to conclude the existence of a direct correlation
between hydration and reduced roughness. As with the melting, the only successful way to
eliminate the burning was to increase the soft-bake time by as much as 3 times the duration
recommended in the data sheets.

It should also be noted that the hard-bake step was not viable for the thicker resists, since

it would actually warp the resist profile by melting the higher features. After development, a de-
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ionized water rinse, and a nitrogen gas blow-dry, the DOE was ready to be placed in the RIE

chamber for etching.

The RIE etching step was by far the most time consuming and as a consequence was the
main limiting factor that hampered a thorough research of avery large parameter space. Etching
through 9 microns of silicon with a flow-rate ratio of oxygen and sulfur hexafluoride at pressures
and powers that alowed for reasonable feature fidelity generally took between 1 and 3 hours.
This, coupled with the fact that the author was not the only user of the fabrication equipment,
made it difficult to run a sufficient matrix of process variations and therefore impossible to
develop a convincingly repeatable fabrication process within Nichols Research time constraints.
A tentative calibration recipe was, however, developed and submitted to Canyon Materials for
DOE mask fabrication. The photolithographic process for this recipe called for a spin coating of
1045 resist at 1560 rpm for 40 seconds on a SCS centrifuge (Serial # 995-39-6). This was
followed by a 45 second soft-bake at 90 degrees centigrade. This was followed by UV exposure
on an AB-M Mask Aligner (Seria # 17491) at an intensity of 20 milliwatts per square centimeter
for 42.5 seconds. The photoresist was developed in MF 319 developer for 2 minutes. The RIE
etch process was accomplished with a Plasmatherm 790 RIE (Serial # PT178202F). The etch
process, based on a combination of gases advocated in [45] and [46], used flow rates of
18 sccm/2 scem/20 scem of sulfur hexafluoride/oxygen/trifluoromethane respectively. RF power
was set at 175 Watts and the chamber pressure was maintained at 15 millitorr. The etch time was
150 minutes.

This process yielded the curve of Figure 4.1 seen below. The pad etch-depths in the
silicon test wafers were measured using a Taylor Hobson Talystep profilometer. Figure 4.1 is
presented as phase level as a function of optical density, with the highest phase level (256) being
the highest etched feature in the silicon (9.3 microns above the deepest etch), and the lowest

phase level (0) being the maximum etch-depth, or lowest feature (0 microns).
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Figure4.1 Cadlibration curve submitted to Canyon Materials for the grayscale mask for the
Nichols array.

This calibration data was used to process the data files sent to Canyon Materials, who in
turn fabricated the HEBS grayscale mask used for the photolithography of the Nichols array.
Unfortunately, this mask had a serious flaw. Darker features, written in the HEBS glass with the
30 KV electron beam, had a regrettabl e tendency to bleed outside the boundaries of the square 2-
3-micron regions that represented the individual DOE features. This alone made it impossible to
fabricate the first beamfanner array to design specifications. It should also be mentioned that
since the calibration mask did not have 2-3-micron square features, it was not possible to develop
a process, prior to ordering the DOE mask, that was capable of testing photolithographic fidelity

of such features.

4.1.3 Resultant fabrication of beamfanner array with 2-3-micron feature sizes

Despite having some admittedly difficult fabrication hurdles as a result of the blurred-

feature HEBS DOE mask, an attempt to use the calibration recipe to fabricate the first
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beamfanner array was made. Photolithography yielded patterns that not only suffered from the

HEBS mask flaw, but the pattern features were simply too small for successful resolution in the
mask aligner system. Producing a 2-3-micron square feature imprinted in resist using contact
photolithographic techniques was certainly very ambitious. It also turned out that the calibration
process recipe was not repeatable. This author was never able to achieve the exact etch-depths of
the calibration curve submitted to Canyon Materials. The top photograph of Figure 4.2, on the
next page, shows images, taken with a JEOL scanning electron microscope, of typical examples
of beamfanners patterned in photoresist. Note the lack of feature fidelity in the photolithography
picture and the rounding in the etch picture below. The etched beamfanners, shown in the bottom
photograph in Figure 4.2, are a dramatic example of a melted photoresist pattern transferred into
silicon. It was around this time that Nichols Research lost interest in the hardware fabrication
approach to the beamfanner component of the IR camera focal plane array and began to

concentrate on finding a solution using software to process the image.
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Figure 4.2 View of acenter-pixel 1-4 beamfanner array with 2-3-micron lateral feature sizes

and 256 phase levelsin resist (top) and etched in silicon (bottom). Note the blurred

featuresin the resist and the rounded features in the etch which are caused by melted
resist features being transferred into the silicon.

4.1.4 Lessons learned from the first attempt

Although the first array series was unsuccessful from the standpoint of fabrication, it

yielded some important lessons applicable for future grayscale fabrication attempts. These



84
lessons were carried over into the considerations in design and fabrication of the second

beamfanner array series.

When developing any DOE with small features, it is easy to design a highly efficient
structure. After all, the design phase allows one to make features any size and any shape desired.
As agenera rule, smaller features allow greater DOE efficiency. Trouble arises when such fine
features cannot be fabricated with good fidelity. If the design personnel and the fabrication
personnel don’t both understand the limits of fabrication capability, and a design gets hardwired
due to time constraints, it is possible to end up with an impossible fabrication task. This author
was certainly new to grayscale fabrication and many micro-fabrication techniques in general.
The beamfanner project was known to be ambitious before it was started, and as a consequence
there was an accepted risk involved. In thislight, perhaps, the Nichols array was a case of doing
the best job possible with the amount of experience and time involved. It is clear, however, that
design personnel and fabrication personnel need to have a good understanding of each other’s
work. The UAH array was designed and tested by the author with assistance from the designer of
the Nichols array. The research presented in Chapter 3 is aresult of this collaboration, and it is
safe to say that both the design side and the fabrication side gained a greater understanding and
devel oped a more useful approach toward creating a working beamfanner array.

Another lesson learned was that one needs to know the capabilities of vendors that supply
items used in the fabrication process. The HEBS DOE mask, with its blurred features at high
optical densities, is a good example. Even though the higher optical densities blurred outside the
feature boundaries, the lower optical densities formed well-defined feature boundaries. If this
had been known before hand, the calibration process could have been performed with a search of
parameter spaces promoting higher selectivities and, hence, thinner resists. This would have
permitted a calibration curve with alower range of optical densities. This may not have mattered,
sinceinitial trials indicated it was difficult to get good etches with selectivities above 1.5, but the

knowledge would have at least enabled a decision to find and alternate vendor for the grayscale
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DOE mask. It can definitely be said that Canyon Materials should consider putting small square

features, perhaps 1-2 microns wide, on its calibration mask. Canyon Materials should also have
been more forthcoming about the limits of its own mask fabrication process.

Other lessons, some of which were mentioned before, involved details of the fabrication
process. One was the avoidance of photoresist melting and burning. Silicon etches are
exothermic processes and consequently produce a fair amount of heat. Although MEM S-Optical
performed the photolithography for the UAH array, some calibration work was done with thick
photoresists in order determine the necessary feature heights for their photolithography. In order
to prevent OCG 825 photoresist from melting and burning, a 4-minute soft-bake was required.
This soft-bake is actually twice as long as recommended by the OCG 825 photoresist data sheet.
Another important and valuable lesson was the idea of keeping the etch chemistry as simple as
possible. Rather than three gases, only sulfur hexafluoride and oxygen were used to etch the
second array series. Fewer variables/parameters in a fabrication process are conducive to better
repeatability, and, as mentioned before, the trifluoromethane had a tendency to combine with the
oxygen and reduce the resist etch rate. Instead of being etched away, the resist would just melt
and burn. Finally, it was found that much lower RF power settings during etching gave rise to
much better feature fidelity post etch. It transpired that by reducing the power to a third of its

original setting, 175 Watts down to 50 Watts, improved feature fidelity was obtained.

4.2 Fabrication of UAH array

This section describes the process used in the production of the UAH beamfanner array.

MEM S-Optical photolithography and the author’s etch process are covered.
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4.2.1 MEMS-Optical grayscale photolithography

For the second array series, it was decided to contract alocal company, MEM S-Optical,
to perform the photolithography. This author’s efforts at contact lithography with high feature
fidelity were not yielding fruit, and MEM S-Optical was quite confident in its ability to achieve
grayscale photolithography with lateral features as small as 3 sguare microns. Design
specifications for the second array series required a minimum lateral feature dimension of
5 microns, since the author was confident of finding an etch process yielding good feature fidelity
for thissize.

Prior to submitting the array design to MEM S-Optical, fabrication trials were conducted
with OCG 825 photoresist in an effort to obtain an etch selectivity curve for submission to
MEMS-Optical. This was necessary, since the data sent to MEM S-Optical was given in terms of
feature depths in silicon, and MEM S-Optical was performing photolithography without etching
the silicon. Unfortunately, the best mask the author had for any kind of calibration was the HEBS
beamfanner mask with its 27 rectangular pads. It should also be mentioned that since the MEMS-
Optical photolithographic process was a company secret, it was not possible to actually use their
resist and resist spinning/curing process for calibration. A process using the 825 resist was found
that yielded a selectivity of around 1.3-1.4. MEMS-Optical was not enthusiastic about this, since
their photolithographic process suffered less from diffractive blurring effects, which render poor
feature fidelity, if their photoresist feature profile was thinner rather than thicker. The author’s
recommended maximum photolith feature height/etch-depth was 6 microns, and MEM S-Optical
expressed dismay, as they were hoping for a depth of 2.5-3 microns for good photalithographic
feature fidelity. It proved impossible, however, to achieve selectivities of 2.5-3 with good feature
fidelity during the calibration research at UAH, and the author had to insist on the taller features.

The MEMS-Optical photolithographic process, since it is proprietary, cannot be

described in great detail. It differs, however, significantly from the photolithography performed
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by the author at UAH. Rather than using a contact mask aligner to expose the resist, MEMS-

Optical usesastepper. Thisisadevice that illuminates the mask and then reduces the field of the
mask with an intermediate set of optics located between the mask and the resist-coated substrate.
The mask was aligned to a pair of crosses with 5-micron wide bars to the left and right of the
silicon wafers supplied by the author. These marks were oriented +/- 3 centimeters horizontally
from the center of the focal plane array. Each silicon wafer was coated with about 14 microns of
resist, and the regions exposed to the UV light were developed. This left a pattern in the resist
corresponding to the UAH beamfanner array.

The differencesin the MEM S-Optical photolithographic process and the Nichols process
were significant enough to render previous calibration efforts approximate at best. First of al, the
Nichols photolithography left a photoresist device profile surrounded by an exposed silicon
surface. The MEMS-Optical process left the device profile surrounded by a thick layer of resist.
Thisisasignificant differencein terms of etch chemistry, since exposed photoresist will use more
oxygen while exposed silicon will use more sulfur hexafluoride during the RIE etching process.
Secondly, the presence of more photoresist reduced the heat produced by the sulfur
hexafluoride/silicon reaction, and this had the benefit of reducing the effects of melting and
burning. This in turn helped yield greater post-etch feature fidelity. In the final analysis, even
though accurate calibration was not possible before MEMS-Optical constructed the grayscale
mask, post production etch calibration of their high quality photolithography alowed the
development of an etch process that yielded reasonable results discussed in Section 4.6.

Presented in Figures 4.3 through 4.7, on the following pages, are SEM images of a
variety of beamfanners from the MEMS-Optical photolithography and the resulting etched
products. Profilometry and SEM imaging provide a combination of tools useful in evaluating

how well fabrication has approximated design.
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Figure4.3 View of aside-pixel 1-2 beamfanner array with 5-micron lateral feature sizes and 64
phase levelsin resist (top) and etched in silicon (bottom).
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Figure4.4 View of acorner-pixel 1-4 beamfanner with 5-micron lateral feature sizes and 64
phase levelsin resist (top) and etched in silicon (bottom).
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Figure4.5 View of acenter-pixel 1-4 beamfanner array with 5-micron lateral feature sizes and
64 phase levelsin resist (top) and etched in silicon (bottom).
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Figure4.6 View of aside-pixel 1-4 beamfanner array with 5-micron lateral feature sizes and 64
phase levelsin resist (top) and etched in silicon (bottom).
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Figure4.7 View of amiddle-pixel 1-4 beamfanner array with 5-micron lateral feature sizes and
64 phase levelsin resist (top) and etched in silicon (bottom).
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Profilometer measurements yield etch-depths to a high degree of accuracy, and these are

presented in the next chapter. Suffice it to say at this point that MEMS-Optical succeeded in
providing photolithography where the features were within one percent of requested depth/feature
height. SEM imaging allows a qualitative look at such matters as feature fidelity, where straight
sidewalls, minimal surface roughness, and feature shape and sharpness are important. As a

general observation, the MEM S-Optical photolithographic feature fidelity was acceptable.

4.2.2 UAH array RIE etch

As mentioned in the last section, it was necessary to continue the etch calibration process
after MEMS-Optical had begun supplying completed photolithographic wafers. A total of 50
wafers were requested, and it took 13 of them to finally settle on an etch process. This 135
minute etch process called for a gas flow rate ratio of 15.3/19.0 sccm of oxygen/sulfur
hexafluoride. The RF power was set at 50 Watts, and the RIE chamber pressure was maintained
a 10 mT. The cathode temperature was set at 22 degrees Centigrade, and any deviation from this
cathode temperature had a profound effect on etch selectivity. If the cathode was five degrees
cooler, 17 degrees Centigrade, the selectivity dropped from 1.3 to 1.0.

Unfortunately, the prevailing chamber conditions were altered by intervening tasks, and
the original etch recipe had to be modified again. The final process, which was used to produce
14 beamfanner arrays for both the repeatability study and performance testing, was of lesser merit
than the preceding process on account of pitting of the silicon. This pitting was especialy
evident for features etched deeper than 3 microns. The recipe called for a 95 minute etch with a
flow rate ratio of 16.2/16.1 sccm sulfur hexafluoride/oxygen, 16 mT pressure, 56 Watts RF

power, and 22 degree centigrade cathode temperature.



Chapter 5

ANALYSISOF ETCH SELECTIVITY AND REPEATABILITY

This chapter presents specifics of the experimental procedure and statistical analysis of
selectivity, etch-depth, and feature position data garnered from this procedure. In order to
achieve a reliable experimental procedure, careful controls had to be imposed on both etching
procedure and the measurement of the etch-depths.

When placing samples in the RIE chamber, it was necessary to position the samples in
the same spot and at the same angular orientation each and every time. It was also necessary to
keep environmental conditions in the chamber as constant as possible throughout the process.
This required an uninterrupted, two-week span of time where no other etch chemistries were used
save for the specific chemistry necessary for the second beamfanner array series project.

Each individua beamfanner array has the same set of features, and this permits an
important experimental procedure known as blocking [47]. Blocking allows a large set of
parameters, in this case al feature etch-depths and selectivities in question, to be affected by the
same etch process and, hence, the same chamber conditions at the same time. Each individual
etch process represents a block in this study, while al individual feature depths and selectivities
within a block represent treatments affected simultaneously by a single etch process.

For the purpose of this study, the variation between individual etch processes will define
the merit of process repeatability. Separation of the between-process variation from the variation
of individual features within each process, and in turn, the separation of these two variations from

the residual error, is achieved using a statistical blocking method presented in the next section.
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This statistical blocking method will enable an analysis of a possible relationship between feature

selectivity and feature etch-depth.

There are 14 etch-process blocks of 40 individual features per block, and this required a
total of 560 individual feature measurements of both feature photolith-depth and etch-depth.
Each etch-depth was divided by each corresponding photolith-depth to yield the individual
feature selectivities. This arrangement permits the experiment and subsequent statistical analysis
to correlate any drift in one set of feature attributes, such as selectivities or etch-depths, with the
drift in adifferent set or sets of feature attributes over a multiple number of etches. For example,
one can determine, averaging over a series of 14 etches, if a planned 2-micron deep feature's
selectivity has the same variance and standard deviation as a planned 3-micron deep feature's
selectivity. Analysis of selectivity will be the main focus of the repeatability study, since ahighly
repeatable etch process should yield selectivity values that are nearly the same for corresponding
featuresin each block.

In order to make an effective statistical analysis of the fabrication process, it has to be
remembered that only a small number of data points per individual etch process can be used.
Furthermore, there exists no large body of data from which a population mean, population
variance, or population standard deviation for any parameter can be compared to the sample
values obtained in the experiment. For the purpose of comparing pairs of parameter variance
sets, the F-test method is employed [47]. The F-test has the advantage of not relying on a large
body of pre-existing data, but it requires the ratio of two variances and the assumptions of random
sampling and normal distribution of residuals about zero. It is a simple matter to check
graphically for the normal distribution of residuals, and as will be demonstrated in the following
section, thisis a safe assumption for this study. The random sampling assumption is based on the
fact that each set of features is etched at the same time within a single block and are hence
interchangeable in position over the region of the wafer being etched. Any possible exceptionsto

this assumption must be carefully sought, observed, and noted. After careful inspection, the
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belief of this author is that while feature attributes may vary with etch-depth, they do not vary

with substrate position and can be considered interchangeable. The evidence will be presented
graphically in the following sections of this chapter.

All measurements were taken with a Tencor P-10 Surface Profiler (Seria # 11980440).
The stylus of this profilometer has a 3-micron radius, and it transpired that accurate feature depth
measurements could only be taken from the 10-micron lateral feature 1-2 beamfanners.
Beamfanners with smaller lateral feature sizes, however, proved unreliable for measurement,
since the size of the stylus was comparable to the size of the features. A cross-sectional scan of
every 10-micron lateral feature size 1-2 beamfanner, located at the center of each 1x5 1-2 array,
was taken 50 microns from the top of each array. As mentioned previously, this yielded 40 data
points per sample, for atotal of 560 data points over 14 etch processes. Actual feature depth data
was measured from the lateral midpoint of the highest feature to the lateral midpoint of the other

featuresin each of 12 beamfanners examined per sample, as shown in Figure 5.1.
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Figure5.1 Column of 10-micron lateral feature size 1-2 beamfanners (corresponds to array p5in

Chapter 3, Figure 3.10) measured with a profilometer for each of 14 samples.

Profilometry was conducted over cross-sections similar to those shown to the right of

the array in the diagram.

This yielded 4 measurements per middle off-axis and side off-axis beamfanner, but just

two measurements per central on-axis beamfanner, due to its symmetric construction.

All necessary computation for the following analysis was performed using the Matlab

program, Selectivitya, given in Appendix B, developed by the author.

5.1 Photolithography/etch/selectivity analysis

The MEMS photolithographic patterns were supposed to be designed for a selectivity of

1.3. The average selectivity necessary to obtain the design specification turned out, upon

measurement, to be between 1.13-1.2, depending on individua feature depths. As mentioned

before, circumstances prevented a more refined calibration curve from being developed, so all 40
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individual photoresist feature depths, averaged over 14 MEMS-Optical photolithographic

samples, were on the order of 0.8-0.91 the depth of the design feature etch specifications.

In Tables 5.1, 5.2, and 5.3 presented below, selectivities, photoresist depths, etch-depths,

and their respective standard deviations, as well as design etch-depth specifications and the

percentage difference between measured etch-depths and design specifications are given as

averages over the 14 etch processes.

Table5.1 Center -Pixel Data

Average | Average | Selectivity | Standard | Standard | Standard | Desired | %
feature feature deviation | deviation | deviation | feature difference
photolith- | etch - photolith- | etch- selectivity | etch - between
depth (1) | depth (1) depth (1) | depth (1) depth (1) avgrage
an
desired
feature
etch-
depth
0.65 0.74 1.15 +/-0.03 +/-0.06 +/-0.10 0.73 1.37
0.90 1.04 1.16 +/-0.03 +/-0.07 +/-0.08 1.02 1.96
0.65 0.74 1.13 +/-0.02 +/-0.07 +/-0.11 0.73 1.37
0.90 1.03 1.15 +/-0.03 +/-0.08 +/-0.10 1.02 0.98
0.63 0.72 1.16 +/-0.02 +/-0.08 +/-0.13 0.73 -1.37
0.89 1.04 1.16 +/-0.02 +/-0.09 +/-0.10 1.02 1.96
0.64 0.73 1.14 +/-0.01 +/-0.07 +/-0.11 0.72 1.39
0.89 1.04 1.17 +/-0.02 +/-0.07 +/-0.08 1.02 1.96
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Average | Average | Selectivity | Standard | Standard | Standard | Desired | %
feature feature deviation | deviation | deviation | feature difference
photolith- | etch - photolith- | etch- selectivity | etch- between
depth (1) | depth (1) depth(k) | depth () depth (p) avgrage
an
desired
feature
etch-
depth
1.10 1.28 1.17 +/-0.03 +/-0.10 +/-0.09 1.26 1.59
1.59 1.85 1.17 +/-0.04 +/-0.12 +/-0.07 1.85 0.00
1.84 2.16 1.17 +/-0.05 +/-0.13 +/-0.07 2.16 0.00
1.61 1.89 1.18 +/-0.06 +/-0.11 +/-0.07 1.85 2.16
1.03 1.16 1.13 +/-0.03 +/-0.09 +/-0.08 1.15 0.87
1.74 2.01 1.16 +/-0.04 +/-0.14 +/-0.07 2.02 -0.50
181 2.11 1.17 +/-0.04 +/-0.14 +/-0.07 2.16 -2.31
1.60 1.87 1.17 +/-0.03 +/-0.13 +/-0.07 1.88 -0.53
1.03 1.16 1.13 +/-0.05 +/-0.10 +/-0.07 1.19 -2.52
1.77 2.04 1.15 +/-0.04 +/-0.13 +/-0.06 1.95 4.62
1.87 2.16 1.16 +/-0.05 +/-0.14 +/-0.05 2.16 0.00
1.80 2.09 1.16 +/-0.05 +/-0.14 +/-0.06 1.95 7.18
1.01 1.16 1.15 +/-0.03 +/-0.11 +/-0.10 1.17 -0.85
1.76 2.06 1.17 +/-0.04 +/-0.15 +/-0.07 1.96 5.10
1.85 2.17 1.17 +/-0.05 +/-0.15 +/-0.06 2.16 0.46
1.78 2.09 1.17 +/-0.06 +/-0.15 +/-0.06 1.95 7.18
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Average | Average | Selectivity | Standard | Standard | Standard | Desired | %
feature feature deviation | deviation | deviation | feature difference
photolith- | etch- photolith- | etch- selectivity | etch- between
depth (1) | depth (1) depth (1) | depth () depth (p) avgrage
an
desired
feature
etch-
depth
1.46 1.69 1.16 +/-0.04 +/-0.14 +/-0.08 1.65 2.42
2.23 2.61 1.17 +/-0.06 +/-0.19 +/-0.07 2.74 -4.74
2.66 3.13 1.17 +/-0.07 +/-0.22 +/-0.06 3.29 -4.86
3.16 3.72 1.18 +/-0.09 +/-0.26 +/-0.06 3.84 -3.13
1.30 1.47 1.13 +/-0.04 +/-0.13 +/-0.08 1.53 -3.92
2.42 2.82 1.16 +/-0.07 +/-0.21 +/-0.06 2.82 0.00
2.94 3.43 1.17 +/-0.09 +/-0.25 +/-0.06 3.59 -4.46
3.15 3.70 1.17 +/-0.09 +/-0.27 +/-0.06 3.84 -3.65
1.29 151 1.17 +/-0.06 +/-0.13 +/-0.09 161 -6.20
2.39 2.81 1.17 +/-0.08 +/-0.20 +/-0.06 2.85 -1.40
2.91 3.45 1.18 +/-0.09 +/-0.25 +/-0.06 3.59 -3.90
3.15 3.71 1.18 +/-0.10 +/-0.27 +/-0.06 3.84 -3.39
1.25 1.46 1.17 +/-0.03 +/-0.11 +/-0.08 1.59 -8.18
2.39 2.80 117 +/-0.07 +/-0.20 +/-0.06 2.81 -0.36
2.92 3.45 1.18 +/-0.08 +/-0.24 +/-0.06 3.54 -2.54
3.20 3.75 1.17 +/-0.09 +/-0.27 +/-0.06 3.84 -2.34

There was some error in the photolithography, as the individual photolith features had

standard deviations ranging from +/- 0.01-+/-0.10 microns. The center/on-axis beamfanners

average feature etch-depth is within 0-2 percent of design specification, but the middle and side

off-axis cases were as much as 8 percent off the specifications for some features. Many of the

features with etch-depths in the range of 1.5-3 microns deviated over 4 percent different from the

design specifications. It is also possible to infer that a relationship exists between selectivity and

etch- depth, for in many cases the selectivity increases with increasing etch-depth. However, due

to the rather large variance of the data, it is not prudent to demand a quantitative functional
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relationship, such as one that could be gained through a curve fit, between these parameters. The

large variance of the measured etch-depths also yields a situation where arelatively small number
of individual beamfannersis close enough to design specifications to consider testing.

The next section will provide a detailed analysis of the selectivity variance and a
discussion of what this variance means for process repeatability and possible trends relating to

selectivity, etch-depth, process order, and cross-sectional substrate position.

5.2 Processrepeatability and trends based on analysis of selectivity as a function of etch

process and individual feature attributes

The first step in this analysis, and the step most critical to establish a merit of
repeatability, consists of examining the ratio of the variance between the average selectivities of
the 14 etch processes and the within-etch variance between the individual feature selectivities.
This comparison establishes whether or not the variance of the selectivities of the 14 etch
processes is significantly greater than that of the between-feature selectivity variance. If it is not
significantly greater, then the process can be deemed repeatable allowing for the variations
between the selectivities of individual features within each etch. If it is significantly greater,
however, the etch processis characterized with alower degree of repeatability.

Variance, °, is defined as the sum of squares of n residuals, indexed individually as

(yi —7) , divided by the number of degrees of freedom permitted for that group of residuals. The
variable ¥, in this case, is the average of the n quantities, y,. The appropriate expression is

givenin Equation (5.1).

Z(yi _7)2
S2 — =1 —l . (51)
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The quantity in the denominator, n—1, which is the number of degrees of freedom, arises, since

the sum of all residuals must equal zero. This means that only n -1 quantities can be arbitrarily
varied. Standard deviation, which is the square root of the variance, +/-s, is also a useful
guantity to characterize the spread in the data.

The measured selectivity data was arranged in array form with i indexing the 40 rows
representing the forty features examined per etch process and t indexing the 14 columns
representing the 14 etch processes. The measured selectivity of the i th feature within the t th

etch process, y, (560 degrees of freedom), can be decomposed into a mean, n, a between-etch

process error, T,, and awithin-etch process error, €, , as shown in Equation (5.2).

Vi =N+T +E. (5.2

This can be further considered as the expression in Equation (5.3), where y is a grand
average (1 degree of freedom) of all individual selectivity measurements, and y, (14 degrees of

freedom) is the average selectivity value of the t th etch process averaged over the 40 features.

Yii =y +(Vt _7) +(yti _yt) . (5-3)
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Figure 5.2 Plot of residual selectivity error vs. expected selectivity values for the 14 processes.

In Figure 5.2, the within-etch process residuals, y,, -V, , are plotted as a function of the
expected values of the selectivies, Y+ (Y, —Y). The residuals have a fairly normal distribution

about zero for al 14 etch processes, with most residual values within the range of +/- 0.05. This
and the random sampling assumption, as previously noted, encourage the use of an F-test to
compare the between-etch variance to the within-etch variance by taking a ratio of these
variances.

The general expression for an F-distribution [48], valid for al x>0, is given by Equation

(5.4),

r(nl;nzj 0 (n,/2) N ~(1/2)(ny +ny)
f(x)= —(_j x‘”l’z)‘l[1+—1xj . (5.4)

n,
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tn—l

The gamma function is given by therelation, I (n) = I e 'dt for n>0. The parameters n, and
0

n, represent the number of degrees of freedom for each variance, and the ratio of two compared
variances will equal an x value corresponding to a lower bound on the remaining area under the

curve defined by f(x). An x vaueyielding asignificance level of 5%, for example, means that

the area under the curve defined by f (x)for all values greater than x is 5% of the total area
under the curve. For this analysis, any significance level lower than 5% will imply that the first
variance (numerator) is significantly greater than the second variance (denominator). Thisinturn
implies that the first variance cannot be attributed to factors bringing about the second variance.
Tabulated significance level values for F-distributions as a function of x, n,, and n, can be
found in [47].

The variances, as noted before, are the sum of squares of each set of residuals divided by
the number of degrees of freedom for each set of residuals. Theratio of the between-etch process

variance to the within-etch process variance, which is given by Equation (5.5),

/ Z (40)(v, -y)°/13 ii(yu -V, )" /546, (5.5)

t=1 i=l

is equal to 146. This value, when plotted against the appropriate F-distribution, with n,= 13 and
n,= 546, has a significance level below 0.1%. It can therefore be stated that the spread in the
selectivity between the 14 processes is much larger than the spread in the selectivity within those
processes. Thisimplies alow level of process repeatability. The standard deviation for between-
etch process selectivities, s, , is +/- 0.07, and the standard deviation between individual feature
selectivities within the etch processes, s, , is +/- 0.015. The only plausible explanation that can

be offered for the large spread in selectivities between the 14 etch processes is that the RIE DC
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bias voltage fluctuated approximately +/- 2% during each etch. No other possible contributing

factor was observed, but, as mentioned previously, the etch process can be very sensitive to small
parametric variations.

Though the level of process repeatability is not has high as desired, there are other issues
worth investigating which can be examined with a more refined analysis. One issue, mentioned
previoudly, is the relationship between the selectivities and etch-depths of the individual features.
Another is the relationship between feature selectivities and feature position on the array. In
order to examine these issues effectively, the separate etch processes are treated as blocks, and
the individual features within each block are considered to be treatments. This alows the
variation due to the separate etch processes to be separated from the variation due to the
differences in selectivity between the 40 features within each etch process. It aso alows a
residual error to be separated from these two sets of varying selectivities. Equation (5.6) shows

each individual selectivity, vy, , represented as the sum of an average selectivity, n, plus an etch
process selectivity error, or block, error, 3, plusan individual feature selectivity error, T, , plusa

residua error, € .

Ve =N+B +T +§. (5.6)

The f indexesthe 40 individual featuresin each block, and the i indexes the 14 separate blocks,
or etch processes. Note that 1, which represented average selectivities for individual processes
in the preceding examination of process repeatability, now represents individual feature
selectivities averaged over the 14 processes. This formulation makes it possible to separate
individual feature selectivity variance from block variance and compare the individual feature
selectivity variance to the variance of the residual error. If the former is significantly greater than

the latter, area difference between individual feature selectivities, not attributable to the residual
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error, isimplied. If the significance of such a difference can be established, it becomes sensible

to investigate its relationship to the other parameters, etch-depth and position, already mentioned.

Yii :V"'(Vi _y) +(7f _7) +(yfi =Y Vi +V) (5.7)

Equation (5.7), above, shows the decomposition of the data analogous to Equation (5.6).
Y. (560 degrees of freedom) represents the measured selectivity of thef th feature in the i th etch
process, Y (1 degree of freedom) is the grand average of all measured selectivities, (Vf —7) (13
degrees of freedom) is the deviation of the f th feature average over the 14 individual etch
process selectivities from the grand average, and (Y/i —7) (39 degrees of freedom) is the
deviation of the i th etch process selectivity average over the 40 individual feature selectivities
from the grand average. (Vﬁ =Y. -V, +7) (507 degrees of freedom) is the residual error for the

f th feature selectivity in the i th etch process.

Of interest are plots of the residual errors against the expected values of selectivity, array

position, and etch-depth. Figure 5.3 shows a plot of residual selectivity error, (Vﬂ -V, Y, +7)

as afunction of the expected value of the sdlectivity, ¥ +(¥, —¥) +(V, -Y).
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Figure 5.3 Plot of block residual selectivity error vs. expected selectivity values.

It can clearly be seen that the residual selectivity error is distributed in a normal, random
fashion about zero for the full range of expected selectivities. This implies that experimental
error is not afunction of selectivity.

Figure 5.4 shows a plot of the residual selectivity error vs. the time order, 1-14, in which

the processes were performed.

0.2
0.1+

0.0 | |

Residual

-0.1

-0.2 -

T T T T T T T 1
0 2 4 6 8 10 12 14
Order of Etch Processes (1-14)

Figure5.4 Plot of block residual selectivity error vs. the order in which the processes were
performed.
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This plot shows no real trend in the spread of the residual selectivity error over the 14

processes. This simplifies the analysis by eliminating the possibility that the author’s
experimental technique was altered over the time period that the selectivity measurements were
obtained.

Figure 5.5 shows a plot of residual selectivity error vs. for the 40 features' etch-depths

averaged over the 14 etch processes.

0.2+

0.1+

SR E
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Block Residual

-0.1

-0.2 -

Average Feature Etch Depth

Figure 5.5 Plot of block residual selectivity error vs. average feature etch-depth in microns.

The residuals are plotted in a distribution that is close to normal about zero, but the
spread of the residuals about zero is larger, as much as +/- .15, for the feature depths under 2
microns than the ones between 2.0-3.7 microns, which are closer to +/- .07. This appears to be
due to greater variability in the surface relief of the higher features. Thisislikely dueto adightly
melted, uneven photoresist profile being etched into the surface of the silicon. This, as discussed
before, is a common problem with the features covered by thicker coats of resist.

Figure 5.6 shows a plot of the residual selectivity error vs. the lateral position, 4

features/40 microns wide.
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Figure 5.6 Plot of block residual error vs. lateral position on the substrate.

Again, the distribution of residuals is normal about zero in appearance. The first feature
(position #1), shows a significantly greater spread, +/-0.1, than the other 3, which are on the order
of  +/-0.05. Sincethefirst position also corresponds to the smallest etch-depths, it is again not
surprising that its spread is greater than the others.

It isthis spread in the residual error data that makes an attempt at relating selectivity and
etch-depth somewhat problematic. In spite of this, the F-test comparing the variance of the 40

individual feature selectivities from the grand average, s, to the residual selectivity error, 7, is

performed. The variance ratio is given in Equation (5.8).

14 40

S/ =3.14)(5, ~5)"130 /33 (v, =, -5, +7)'1507. 59

i=1 f=1

This ratio equals 2.48, and the F table makes this result significant between the 1% and
the 0.1% level. Thisindicates that thereis a variation in selectivity between the 40 features that
isn't attributable to the residual selectivity error. With thisinformation, it is reasonable to check

if there is arelationship between selectivity and etch-depth or feature position on the substrate.
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Figure 5.7 Plot of selectivity vs. mean feature etch-depth.

Figure 5.7 shows the 40 feature selectivities, averaged over the 14 etch processes, as a
function of etch-depth, also averaged over the 14 etch processes. Note that the lower etch-depths,
0.7-2.0 microns, exhibit alarger spread in selectivity, 1.13-1.18, than the deeper etch-depths, 2.0-
3.7 microns, which vary from 1.14-1.18. The spread of the selectivity data at the lower etch-
depths is predicted by the spread in residual selectivity error examined previoudly. Selectivity
appears to increase with etch-depth, but there is a larger spread in the data for the lower
selectivities than the higher selectivities.

A final detail is presented in Figure 5.8, where the average selectivity, taken over the 14

processes, is plotted as afunction of lateral feature position.



111

1.19 4
1.18 o
1.17 4

1.16 4

Selectivity

1.15
1.14 4

1.13 4

1.12 -

I I I I
1 2 3 4
Position (1-4) on Substrate

Figure 5.8 Plot of mean selectivity of each of 40 features vs. lateral position on substrate.

Selectivity appears to increase as a function of lateral position, but it is hard to imagine
RIE chamber conditions deviating so drastically over alinear range of 40 microns, which is the
center-to-center distance between the side features of each beamfanner examined. With thisin
mind, selectivity islikely not afunction of lateral feature position. It ismost probable that Figure
5.8 mirrorsthe trend of Figure 5.7, since etch-depth, in general, increases with lateral position.

Concluding this chapter, it is clear that process repeatability is poor, though average
feature etch-depths on a few of the samples were within two or three percent of the design
specification. Though selectivity and etch-depth appear to be increasing functions of each other,
the variation in the data obscures a safe attempt at a quantitative correlation. The fact that the
shallower etches tended to be more rounded than the deeper etches explains the spread in the
selectivity data for the shallower etch-depths. This is because rounding gives rise to more
uncertainty in profilomiter measurements. Figure 5.9, at the end of this chapter, shows that the
higher features are rounded for both the resist profiles and the silicon profiles. This may also be
responsible for the apparent selectivity/etch-depth relationship, since the higher features tend to

become even more rounded in the silicon post etch.
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Figure5.9 Profilometer measurement plots of cross-sections of 5 adjacent 1-2 beamfanners for
center-pixel (top), middie-pixel (center), and side-pixel (bottom) cases for resist
profiles (left column) and etch profiles (right column).



Chapter 6

TESTING OF DEVICES

Beamfanner testing addresses the optical performance of both the 1-4 beamfanner arrays
and the 1-2 beamfanner arrays. The 1-4 arrays are examined using an IR microscope provided by
CSC/Nichols Research Corporation, and the 1-2 arrays are examined using a cylindrical lens
system purchased by UAH along with the IR camera provided by Nichols.

The alignment procedure necessary to prepare the beamfanner arrays for testing is
outlined in Section 6.1. Alignment of the MEMS-Optical photolithography to the silicon wafers
and the alignment of the finite apertures to the 1-2 beamfanner arrays are covered.

The testing results of the 1-4 arrays, originally intended to be part of the integrated focal
plane array (FPA) described at the beginning of Chapter 1, are discussed in Section 6.2. The
testing results of the 1-2 arrays are discussed in Section 6.3. Section 6.4 examines the attempt to

fabricate afully integrated FPA.

6.1 Alignment procedurefor finite aperturesand MEM S-Optical photolithography

An alignment procedure is hecessary for the proper positioning of the photoresist pattern
with respect to the substrate as well as the finite apertures with respect to the 1-2 beamfanners.

Figure 6.1 shows one such finite aperture positioned over a 1-2 beamfanner array.

113
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Array of 5 adjacent 1-2 beamfanners masked
for irradiance testing

Finite aperture

(1 beamfanner wide)
Chrome aperture

mask

Finite aperture
(3 beamfanners wide)

1C

Figure6.1 Finite aperture masks oriented to an array of 5 adjacent 1-2 beamfanners. A
microscope image is shown at the bottom.

Figure 6.1 shows a 1x5 array of 1-2 beamfanners that is masked by a chrome aperture for
one half of its length. This aperture is actually a dual aperture, for part of it shields al but the
center beamfanner, and part keeps the three adjacent central beamfanners exposed. This scheme

allows a comparison between the output of a single beamfanner and a beamfanner with cross-talk
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contribution from its two nearest neighbors. Each chrome pad is 375 microns long, and there are

60 of them positioned in such away to cover all of the 1-2 beamfanner arrays.

The photomasks used in the alignment of these pads to the beamfanner arrays are
standard chrome-on-quartz and are produced by Photosciences, Inc. of Torrance, California. The
masks were designed with cad software called L-Edit. They are dark field, binary chrome-on -
guartz masks, with light areas corresponding to the beamfanner apertures and various alignment
marks. The finite apertures are transferred to the beamfanner arrays using a photomask called
Focpadfront, which must be aligned to a pattern in the silicon created by a photomask called
Aligncross.

The Aligncross pattern is transferred to a silicon wafer coated with Shipley 1805
photoresist. After exposure and development, a SFs etch followed by an oxygen descum leaves
the Aligncross pattern imprinted in the silicon wafer. For the FPA described in Section 6.4, the
grids on the Aligncross mask must be aligned to a set of grids on the opposite side of a wave
plate/polarizer array. Aligncross also transfers another set of marks, a pair crosses with 5-micron
thick arms spaced +/- 3 mm aong the horizontal through the main 1-4 beamfanner array, to
which MEM S-Optical aignsits photolithography.

Chrome pads that serve as the finite apertures are deposited in a process commenced by
UV exposure of a beamfanner array coated with photoresist through the finite aperture mask,
Focpadfront. Focpadfront is aligned to the array with a set of 80-micron square alignment grids
centered on a second set of 90-micron square grids already imprinted in the silicon with
Aligncross.

Development of the resist leaves areas of bare silicon where the apertures are to be
located. An RF sputterer is used to deposit chrome over the resist and aperture regions. A lift-off
is then performed, where the chrome coated sample is placed in an ultrasonically agitated
photoresist solvent called 1165 Remover, produced by Shipley. The photoresist under the

chrome dissolves, and the only chrome that doesn’t slip off of the sample islocated in the regions
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where it is in contact with silicon, i.e., the aperture pads shown in Figure 6.1. Figure 6.2 shows

the alignment scheme.

Focpadfront pattern

aperture /

array

beamfanner .’
array ‘

Aligncross Pattern

Figure 6.2 A not-to-scale view of the alignment patterns used to place the finite apertures on the
beamfanner array. The Aligncross pattern also aligns to the back-side of the
integrated waveplate-polarizer array.
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6.2 IR microscopy testing of the 1-4 beamfanner arrays (Nichols Resear ch)

Nichols Research Corporation allowed the author to borrow an IR microscope to test the
1-4 beamfanner arrays. This microscope consists of a collimating lens and a focusing lens, plus
an IR camera to view the light transferred through the system. As shown in Figure 6.3, a heat
lamp serving as an IR source is mounted before a 5-micron filter and an aperture in the focal
plane of the first lens. Light is collimated by the first lens and propagated to the second lens,
which is then focused onto the beamfanner array. The silicon wafer with the etched beamfanner
array is mounted on avacuum chuck. The IR camerais positioned beyond the sample to view the
output light and is connected by cable to a video output. By opening the aperture to allow off-

axisillumination, it was possible to illuminate the entire main 1-4 beamfanner array.

Spherical  Spherical
collimating focusing ~ Beamfanner Array

5 micron filter lens lens
IR source
IR camera
Aperture

-+ >

f=25.9 mm f=25.9 mm

Figure 6.3 Configuration for optical testing of beamfanners. The lens system for the 1-4
beamfanner illumination was provided by Nichols/CSC.

Limited testing performed on the 5x5 1-4 arrays showed that the 6-micron lateral feature
size, 8 phase level case demonstrating some 1-4 splitting. This particular device had final

beamfanners close enough to design specifications, which is with feature depths within 2% of
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design etch-depth, to consider testing the main 1-4 beamfanner FPA. Apparent 1-4 splitting was

observed with this sample, but the splitting was not seen in the plane 340 microns from the input
side of the beamfanner array. It was seen, rather, approximately 100 microns from the input side.
Figure 6.4 shows the diffraction pattern of a 1-4 beamfanner. This particular beamfanner is
located in the upper left hand corner of the FPA. The large lobes, separated by 50 microns,
correspond to the corners of the beamfanner, while the smaller central lobes, separated by 25

microns, are similar to the desired 1-4 split beam pattern.

Figure 6.4 A drawing of the diffraction pattern of a 1-4 beamfanner.

6.3 Comparison of observed beamfanner performance with predicted (BEM) performance

for the 1-2 beamfanner arrays

It was hoped that testing of the 1-2 beamfanners would yield performance similar to that
predicted by BEM as presented in Chapter 3. The configuration of testing equipment is the same
as for the 1-4 beamfanners, Figure 6.3, with the exception that two cylindrical lenses are

substituted for the lens system supplied by Nichols, and rather than a circular aperture, a dit is
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used to illuminate the system. The cylindrical lenses are /2 with a focal length of 25.9 mm.

They are plano-convex lenses and, as shown in Figure 6.5, are placed back-to-back in the optical
system to simplify alignment. The middle and side-pixel 1-2 beamfanner illumination is
achieved by tilting the beamfanner array at angles of 7 and 14 degrees respectively, simulating

the necessary off-axis illumination for which they are designed.

Collimating  Focusing
cylindrical cylindrical ~Beamfanner array

5 micron filter lens lens
IR source
IR camera
Aperture
f=25.9 mm f=25.9 mm

Figure 6.5 Optical testing scheme for the 1-2 beamfanners.

Unfortunately, no cases of 1-2 beamsplitting were observed. Feature rounding was
originally considered as an obstacle to the beamfanners optical performance. Sub-micron
pitting, shown in Figure 6.6, was also originally thought to be a possible detractor from the

performance of these beamfanners.
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Graniness seen in rectangle
is sub-micron pitting

Figure 6.6 Sub-micron pitting in silicon surface of 1-4 beamfanners.

A BEM simulation of a 1-2 beamfanner with on-axis cylindrical illumination, Figure 6.6
on the next page, shows that typical 1-micron surface roughness and sidewall rounding may not
degrade performance, however.

While further refinements in the testing procedure might yield cases of effective
beamfanner performance, as predicted in Figure 6.7, it would have been preferable to achieve a
process that yielded etch levels within 2-3% of design specifications without sub-micron pitting.
Further refinements to the fabrication process could possibly be developed given more time,

experimentation, and study.
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Figure 6.7 Simulated performance of on-axis 1-2 beamfanner with roughness and sidewall
rounding.

6.4 Fabrication of integrated focal plane array

Two fully integrated focal plane arrays have been produced. They are well off design
specifications due to a resist coating that was too thin for effective use of the etch parameters,

described at the end of Chapter 4, that were used in the final 14 fabrication processes. Dueto an
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alignment error, the beamfanners are 593 microns misaligned in the horizontal and vertical

directions with respect to the wave plate/polarizer array. This, unfortunately, renders them

useless.



Chapter 7

CONCLUSION

This dissertation was started with the plan to fabricate a working 1-4 beamfanner array
for the focal plane of an imaging polarimeter, but this goal proved to be too ambitious for the
scope of thiswork. It did prove feasible to fabricate some smaller 1-2 and 1-4 beamfanner arrays
within 2% of the design specifications, but the etch process was not repeatable to a degree that
allowed for consistent, quality reproduction. Aswas discussed in Chapter 5, the between-process
variance in selectivity was significantly larger than the variance in selectivity of the features
within the processes. Sub-micron pitting and feature rounding further degrade the quality of the
beamfanner arrays.

If the fabrication development had to be done over again, it would be worthwhile to
investigate the effect of adding an inert gas, such as Argon, to the SFs and O, gas mixture used in
the etch process for the UAH array. An inert gas would produce a highly directional mechanical
etching effect similar to that of anion mill. Time and material did not permit such a study, but it
would be interesting to see if such an approach could reduce surface roughness and pitting in the
silicon aswell as help eliminate feature rounding.

It would also have been prudent to fabricate a plane wave on-axis beamfanner of the type
shown in Figure 3.12, except with larger feature sizes. Plane wave illumination of the
beamfanners is easier to achieve on the optical bench than the cylindrical illumination described
in Chapter 6. This may have had a better chance of acting as a good test of concept for the 1-2
beamfanners.
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From the standpoint of design, it would be prudent to develop a 3-dimensional code to

simulate the irradiance of 1-4 beamfanners as accurately as possible. Perhaps a smooth-curved
surface, rather than the small step profile typical of the beamfanners in this study, could be
designed and fabricated using new techniques that form-mold the resist by melting it in a
controlled fashion. If such a smooth contour could be produced to adequately approximate a

DOE design, highly efficient DOE’s could be fabricated.



APPENDIX A

DOE Fabrication and BEM Analysis Codes

This appendix contains Doe_fab, the code used in the design of the beamfanners, and

BEM_off_axis, the code used in the performance analysis of the beamfanners.
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Below isthe DOE_fab code.

% Thi s program prepares the data for the format for

% the 1-4 beansplitter design

O3 = = = = m mm e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e maaa

% Thi s program cal cul ates the incident spherical field on a

% DOE and conpensates for its tilt and curvature. This is done
% BEFORE any beansplitting function is perforned.

O = m e e et m e e it e ae e i i c MMM amccsscssamccsscssmcaccsseanaaa-

% This is for directory access

%0=" Bi gSpace240: Users: Mel | i n: DOE_Fab_st uff: Steve_ob107';

%l evel s=64;

%0=RowPad( dO, Pl evel s);

%1="JJJunk_dat' ; d1=RowPad(d1l, Pl evel s);dla=".txt'; dla=RowPad(dla, Pl evel s
);

Y%d2=nunstr((0: Pl evel s-1).");

%I3=fi nd(i sspace(d2)==1);

%d4=nunstr(zeros(l ength(d3),1));

%i2(d3) =d4;

%lat _name=[d1l, d2, d1a];

L0
clear S S2 %clear variables that may invol ve ot her prograns
% CALL the off-axis subroutine

%f f _axi s2; NO LONGER NECESSARY- - - | NCORPORATED IN THI S PROGRAM
EEERERRERERRERRERE

% This programis used to calculate the angles of tilt for DOE pixels in
% the 1-4 beansplitter design.

Ly S
| an¥5. 0; % illum nating wavel ength
nl=1. 0; % index in air

n2=i ndex_di st (Il am; % index in silicon
y1=0.527*(25. 4); % si ze of aperture stop
L=50*10"(-3); % si ze of individual DOE
pixels [in m

yOmax=(256/2)*L; % sqrt(2); % furthest position in image plane
yO=(L/2:L:yOmax).";

yO=[fli pud(yO0);y0]; % center pixel positions

| ast =l engt h(y0); % furthest sanpl ed position

d=1. 035*(25. 4); % di stance fromstop to i mage
pl ane

LS
Theta =atan2(yO0, d); % Tilt angle

angl=at an2(yO+yl/ 2, d);
ang2=at an2(y0-y1l/2,d);
Ang_mi d=(angl+ang2)/ 2;
Dt het a=abs(angl- ang2) ; % Angul ar devi ation
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Al phl=atan2(nl*si n(Theta), n2-nl*cos(Theta)); % Angle in Si (from
Snel | 's Law)
Oy = = = = m m m o e e e & e e o e e e e e e e e e e e e e e e eeieeeeoos

% For plotting, convert to degrees.
Tc=Thet a* 180/ pi ;

t 1=ang1*180/ pi ;

t 2=ang2* 180/ pi ;

dt =Dt het a* 180/ pi ;

al=Al ph1*180/ pi ;

% Fi nding the variations in the REFRACTED angl e
dt al=at an2(nl*si n(angl), n2-nl*cos(angl));

dt a2=at an2(nl*si n(ang2), n2-nl*cos(ang2));

Dal ph=abs(dtal-dta2);

DA=Dal ph*180/ pi ;

% Open a file containing the data fromthe scal ar theory analysis.
% id = fopen(' doe_peaks025A.txt");

% data_file = fscanf(fid,"% %' ,[2 inf]); % Data has two rows
now.
% data file = data file';
% Must be transposed.
% fclose(fid); %closes file
P=50; % Nunber of
partitions of DCE profile
L OO

% Extract DOE thi cknesses and corresponding | ocations in object plane
% CALL "Profile_Sc" subroutine to put the data in an appropriate form
for BEM .

9%Xdat =data_file(:,1); % obj ect positions
%dat =data file(:,2); % t hi ckness profile
[ Xdat, Tdat ] =readi ng_fil es(' doe_peaks025A. txt"');

L=50. 0; % si ze of DCE [ m crons]

% X, T] =Prof il e_Sc(Xdat, Tdat, L, P); % Put the data in an appropriate

form for BEM
X=flipud(Xdat); T=fli pud(Tdat);

Y=y0(1); % | ocation of pixel wr.t. optical axis [m]
%t ch_t ot =9. 3; % Maxi mum et ch depth [ nicrons]
Et ch_m n=0. 0; % M ni mum etch depth [m crons]

phase_st eps=256; %256; % Tot al nunber of etch |levels ***CHANGED AS OF
8/17/98 111
si z=l engt h(yO0);

7
% Det erm ne other paranmeters for DCE fabrication

nCol =P*si z; % #of
col ums

nRow=P*si z; % #of

r ows
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Xwi d=abs( X(1)-X(2))*1000; % wi dt h of
pi xel [nanometers]
Yhe=Xwi d; %

hei ght of pixel [nanoneters]
%lept h_i ncrem=1000*(Etch_tot-Etch_mn)/(phase_steps-1); % QUESTI ON ABOUT

prelimfil e=[ phase_steps; nCol; nRow, Xwi d; Yhe] ; % File format

L0
% For 256 |evels, have 256 file |levels

%l1="dat"' ; dl=RowPad(dl, Pl evel s); dla=".txt';dla=RowPad(dla, Pl evel s);
Y%d2=nunstr((0: Pl evel s-1).");

%3=fi nd(i sspace(d2)==1);

Y%d4=nunPstr (zeros(l ength(d3),1));

%12(d3) =d4;

%i5=[ d1, d2, d1a] ;

% il ename="t_096.txt";
%HI S PORTI ON SAVES SOVE OF THE I NI TI AL PARAMETERS- - - - - 7/ 2/ 98
Y%2="* 1-4 beansplitter design Septenber 14, 1998';
%id = fopen(fil enane,' W);
Yprintf(fid, ' 990.0f\n" ,al.");
Yprintf(fid, 9%0.0f %0.0f\n',[al.';a2.']);

% fprintf(fid,'%2.52s\n',a2.");
% fclose(fid);

Ofg = m s s e e e e e e oo o

Y%a3= Nunber of gray levels in file:'

*
%4="* nunber of colums, nunber of rows.';
* wi dth, height of each pixel. Units in nanoneters.';
* raster scan of all gray levels.'
%id = fopen(filenane,'A);
Yprintf(fid, 90.0f\n",al.");
Yprintf(fid,' 9%0.Of %).Of\n',[al.';aZ.']);

% fprintf(fid,'%d2.52s\n", ")

% fprintf(fid,'%0.0f\n", (phase_steps) ")

% fprintf(fid,"’/&Z.SZs\n ")

% fprintf(fid,'9%9.0f %. Of\n ,[6144; 6144]);

% fprintf(fid,"'9%2.52s\n", ")

% fprintf(fid,'%0.0f %0. Of\n [ Xwid.';Yhe.']);

% fprintf(fid,' %d2.52s\n", ")

% fclose(fid);

0

% or iter=1: 256, % CHANGED FROM 256! !'!'1'19% endpoints 1:siz

-- typically siz=256
% Y=yO(iter);

D=1. 035*25. 4; % di stance fromA. S. to i nage plane [m]j
X=X; % DOE positions [nicrons]
dn=n2-nl;

Nx=l engt h(x) ; YZe=zer os(Nx, 1) ;

% g, F fx, fz]=Efield2(Y,x, ze, | am;
Y%phase=unwr ap(angl e(q));

%l=- phase*| anl (2*pi *dn) ;

%l=d- m n(d);

% CHECK UNITS i.e., mm and m crons



% CHECK ARBI TRARY UNI TS | N PHASE CALCULATI ONS

% CHECK ENDPO NTS X=+/- 25 M CRONS AND

% careful with mn and max for dz/dx cal cul ati ons.

t he=mean( Dt het a) ; % Avg angul ar spread of beam
s=.5*L/tan(.5*t he); %r=0;
yi =Y*(1+s/ (D*1000)) *1000;

f x=yi - Y*1000;

% 0=2*pi /| am

K=nl*s; % Const ant phase profile
C1=f x- x;

% 1=n1*kO;

%k2=n2*kO,;

% Quadratric Forrmula ( for dz/dx = 0 )
A=n2"2-nl1"2;

B=2*(s*nl1”2- n2*K);

C=K"2- n172*sM2-nln2*Cl. N2;

sol n3=(-B-sqrt(B."2-4.*A. *C))./(2.*A);

% Quadratric Formula ( for z=0 and x=25 m crons )
epsi |l on1=10"(-9); % Introduce a small error

par amet er

Lmax=x(1) +epsi | onl; Lm n=x( Nx) - epsi | on1; % Max and

m n sanpl ed points

K=nl*sqgrt ((Lmax-fx)."2+s.72);
B=2*(s*n1"2-n2*K);

C=K"2- n172*sM2-nln2*Cl. N2;

sol nl=(-B-sqrt(B."2-4.*A. *C))./ (2. *A);
% Quadratric Formula ( for z=0 and x=-25 microns )
K=nl*sqgrt ((Lm n-fx)."2+s.72);
B=2*(s*nl172-n2*K);

C=KN2- n172*sM2-nln2*Cl. N2;

sol n2=(-B-sqrt(B."2-4.*A. *C)) ./ (2. *A);
% Now test which are viable solutions
j 1=sol n1>=0;

j 2=sol n2>=0;

j 3=sol n3>=0;

jtest=all ([j1,j2,j3]);

bl=[ sol n1, sol n2, sol n3];
b2=b1(:,jtest==1);

sol n=b2(:, 1);

% Now add the DOE ETCH DEPTH PROFILE to the existing profile;
Tadj =T+sol n; Tadj =Tadj - m n( Tadj ) ;

Tadj =Tadj - m n( Tadj ) ;

dont =0;
i f dont==1,
x=f i pud(X);
% S(:,iter)=flipud(Tadj);

%end

129
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S=flatten(S);

S=S-mn(S);
%S=quanti ze([ Etot; S], phase_steps); S(1)=[1];
| eng_S=l engt h(S); %shol ud be the sanme as nCol and nRow

%6=S(round(l eng _S/2)+1:1eng_S);
S2=S; % | i pud(S);

S raster=[];

Et ch_t ot =2*max(S) ;

Ti me_start=cputi e;
iterprint=50;

count=(1l:leng_9S);

el ement =zer 0s( 256, 1) ;

%**********************************************************************

khkkkkhkhkkkhkhkkkhkkkkk*x

di rect ory=' Bi gSpace240: Users: Art hur: Test St uf f Tenp: ' ;
fil ename2=" TESTI NGL23. t xt "' ;

cd(directory);

%H S PORTI ON SAVES SOVE OF THE | NI TI AL PARAMETERS- - - - - 712/ 98
a2="* 1-4 beamsplitter design January 7, 2000';
fid = fopen(fil enane2,' W);

fprintf(fid,'9%2.52s\n',a2.");

fclose(fid);

* Nunmber of gray levels in file:';

ad4='* nunber of colums, nunber of rows.';
* width, height of each pixel. Units in nanoneters.';
* raster scan of all gray levels.';

fid = fopen(fil ename2,' A');

fprintf(fid,'9%2.52s\n',a3.");

fprintf(fid,'%9.0f\n', (phase_steps).');
fprintf(fid,' 9%42.52s\n', a4.’
fprintf(fid,' 90.0f %9.0f\n’

);
[ P*256; P*256] ) ;
)
[
)

fprintf(fid," %2.52s\n"', a5."
fprintf(fid,'%0.0f 9%9.0f\n',[Xwid.';Yhe.']);
fprintf(fid,'9%2.52s\n',a6.");

fclose(fid);

%r**********************************************************************

khkkkhkkhkhkhkkhkhkkhkkkh*x

% Raster scan
for iter2=1:P*256, % eng_S, % endpoint leng_S --
typically =2560
snew=S+S2(iter2);
snew=[ Etch_tot; Etch_m n;snew]/Etch_tot*(phase_steps-1);
snew=quant i ze(snew, phase_st eps);

snew(2)=[];snew(1) =[];

%**********************************************************************
khkkkhkhkkhkhkkhkhkkhkkk*x
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fid = fopen(filenane2,' A');
fprintf(fid,'%9.0f\n", snew);
fclose(fid);

%**********************************************************************
kkhkkkkhkhkkkhkkhhkkkhkhkkk*k

i f
floor(iter2/iterprint)==iter2/iterprint|((iter2==leng_S)|(iter2==1)),

fprintf(["\n\t',nunmRstr(iter2), ' \t\t', nun2str((cputi me-
Time_start)/60)," \n']);; %During final run, this should be siz * P =
12800
end
end % endi ng raster scan

Ti me_done=cputi me-Ti me_start

end; %Bee don’'t

Thisisthe BEM_off axis code.

%r**********************************************************************

* kkkk*k

% BOUNDARY ELEMENT METHOD ( BEM Latest revision: 11/18/98
% This programis used to calculate the diffracted intensity pattern
% generated by a DCE using a Boundary El ement Method (BEM. This
nodi fi ed

% version restructures the DOE to suit the geonetry of a 1-2
beamsplitter.

%

% Ref erence: Prather, Mrotznik, Mit. Boundary integral nethods
appl i ed

% to the analysis of diffractive optical elenents.
% J. Opt. Soc. Am A/ Vol .14, No.1 (January 1997).

%**********************************************************************

*kkkk*k

doe_fab4A;, % DO THI'S FIRST !!!11]

cl ear FILENAMVES FI LES OUT % used | ater

paranet ers=' SPLI TTER fil e0O1A. txt"; % file containing the inputs
% Opens file containing the followi ng input paraneters :

LS
% [ am = incident wavel ength

% nl = index of refraction of nedium21 (air)

% n2 = index of refraction of DOE (silicon)

% P = Nunber of partitions of DCE profile (if there is re-
sanpl i ng)

% Q = Nunber of quantized DOE | evels (0 neans no

quanti zati on)
% aper _nmax= max val ue of "sanpled" aperture [m crons]
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% aper_mn= mn value of "sanpled" aperture [m crons]

% sanpl = nunber of sanples al ong DCE contour per transverse
feature

% IntPts = # of points to take in the interpolation in finding
Y & Z matrices

% Uanp = magnitude of incident field

% Uang = ccw angle k vector makes with positive x axis [radi ans]
% xUmax = largest position of field incident on DOE [mi crons]

% xUmin = small est position of field incident on DOE [mi crons]

% bess = nunber of interpolation points in Hankel function
appr oxi nmati on

% yzpart = nunber of partitions inY & Z matrix calc. (nenory
consi der ati ons)

% Zint = distance to an intermedi ate plane [nicrons]

% Zfar = distance to the inmage plane [m crons]

% x0_max = max position in inmage plane [ crons]

% x0_mn = mn position in image plane [nicrons]

% dx0 = spacing in i mge plane [m crons]

% filenane= file containing the scalar data

L0
fid = fopen(paraneters,'r');

for k=1:5,fgets(fid);end;

for k=1:24,temp = fscanf(fid,'%',1);a(k)=fscanf(fid,' %g\n',1); end;

fgets(fid);temp=fscanf(fid,'%"',1);
geontype=fscanf (fid, ' %\n',1);
geonetric boundary contour
temp=fscanf(fid,' %', 1);

% ' opened' or 'closed

dat a_save=fscanf(fid,' %\n', 1);
temp=fscanf(fid,' %', 1);

transf ornmati on:
xformef scanf (fid,' %\n', 1);

"fresnel', or 'fraunhoffer'.
temp=fscanf(fid,' %', 1);
positions:

x0uni ts=fscanf (fid,'  %\n',1);
"mllinmeters
temp=fscanf(fid,' %', 1);
filenunmber=fscanf(fid," %\n',1);
for casenunber=1:fil enunber,
temp=fscanf(fid,' %', 1);

FI LENAMES( casenunber, ;) =fscanf(fid,' %', 1);

scal ar data

FI LES OUT(casenumnber, :)

to out put

end

fclose(fid);

I am = a(1l);
nl = a(2);
n2 = a(3);
P = a(4);
Q = a(5);
aper _nax = a(6);
aper_mn = a(7);

=fscanf(fid, %\n',1);

% Save conputed data? (Y/N)
% type of field

% ' angul ar spectrum ,
% units of image plane

%'mcrons', 'centinmeters', or

% # of files

% file containing

% partial nanes assigned
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sanpl = a(8);

IntPts = a(9);

Uanp = a(10);

Uang = a(11);

x Umax = a(1l2);

xUm n = a(13);

gauss_or der = a(14); % order of super_gaussian nodelling the
incident field

bess = a(15);

yzpart = a(16);

Zi nt = a(l7); % di stance to internediate pl ane

Zf ar = a(18); % di stance to i mage pl ane

x0_max = a(19);

x0_mn = a(20);

dx0 = a(21);

FFTpower = a(22);

d_AS = a(23); % di stance from aperture stop to image
pl ane [ mi

AS = a(24); % di ameter of aperture stop [mi]
clear a fid tenp

ti mel=cputi me; % For timng the programruns

for casenunber=1:fil enunber, % Loop for batch node

fil enane=FI LENAMES( casenunber, :);
file_out=FILES QUT(casenunber,:);

% Open a file containing scalar data.
fid = fopen(fil enane);

data_file = fscanf(fid,"% %' ,[2 inf]); % Data has two
r ows.

data file = data file'; % Must be transposed-> 2 col ums.
fclose(fid); %closes file

72
% Extract DCE thicknesses and corresponding | ocations in object plane.
Xdat =data_file(:,1); % obj ect positions (in ascending order & equally
spaced)

Tdat =data_file(:, 2); % t hi ckness profile

Tdat =Tdat +f | i pud(sol n); % THI S | S OBTAI NED FROM DOE_FAB
SCRIPT FILE t!1rinndl

% Adj ust profile if there is re-sanpling (also flips data for ccw BEM
formt)

i f P==0, P=l engt h( Xdat) ; end % default case (no
re-sanpl i ng)
wi dt h=nmax( Xdat ) - mi n( Xdat ) +abs(Xdat (2) - Xdat (1)) ; % | ateral wi dth of

DCE [ i crons]

X = nmean( Xdat) +(li nspace(1,-1,P)*(P-1)/P)."'*width/2; % positions now in
descendi ng order

d = rect ((RowPad( Xdat. "', P)-Col Pad( X, | ength(Xdat)))*P/wi dth); %

i nternedi ate vari abl e
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T = sun{RowPad(Tdat.',P).*d, 2)./sum(d, 2); clear d

Treset =find(abs(T)==mi n(abs(T))); Treset=T(Treset(1));

T = T-Treset; % This is the adjusted thickness profile with re-
sanpling and reset

L OO
% Quanti ze etch depth levels (note: if Q=0 -> no quantizati on)

T=quanti ze(T, Q; % quanti zation is done after re-sanpling

L OO

% Put scalar data in appropriate formfor BEM
% NOTE: DOE contour follows a ccw direction (i.e. positions in
descendi ng order)
nfs=abs(X(2)-X(1)); % This is the m nimum feature size of the DOE
dx1=nf s/ sanpl; % si ze of transverse sanple
% Consi der the boundary outside aperture.
xright=fliplr((max(X)+nfs:nfs: aper_max));

tright=zeros(size(xright));
xleft =(mn(X)-nfs:-nfs:aper_mn); tleft
=zeros(size(xleft));

Xl=[ xright, X.' ,xleft];

Tl=[tright, T." tleft];

L1=l engt h( X1); % Lengt h of appended
data file

X2=RowPad( X1, sanmpl+1) +Col Pad(| i nspace(1, -1, sanpl+1)."',L1)*nfs/2;
T2=RowPad( T1, sanpl+l); % Matrix containing al
sanpl es per feature

mrabs((T1(2: L1)-T1(1:L1-1))/dx1); % Deci de how well to sanpl e edges

Ns=(nx1) +(nme=1). *(round(n) +1); % Ns is the nunber of sanples
on edge
xdoe=X2(1, 1); %initialize with first
val ues
tdoe=T2(1,1); % fromright-nost DOE
position
for ii=1:L1-1,

if Ns(ii)==1, % consi dering edge effects

tadd=0. 5*( T2(sanpl+1,ii) +T2(1,ii+1)); % just take

m dpoi nts for given edge

el se % ot herwi se sanpl e edge

tadd=l i nspace(T2(sanmpl+1,ii), T2(1,ii+1),Ns(ii)).";
end
xdoe=[ xdoe; X2((2: sampl),ii); (XL(ii)-nfs/2)*ones(Ns(ii),1)];
t doe=[tdoe; T2((2: sanpl),ii);tadd]; % append val ues for top surfaces

& edges

end

xdoe=[ xdoe; X2((2: sanpl+l),L1)]; % append final values after |ast
edge

t doe=[tdoe; T2((2: sanpl+l),L1)]; % FI NAL DOE PROFI LE

clear X1 T1 X2 T2 xright tright xleft tleft % save conputer nenory
Nsi ze=l engt h( xdoe) ; % nunber of sanples on DCE surface



% Find the shifted values for the DOE positions and thickness profile.
% NOTE: it is assumed at edges that thickness does not change (unlike
for "closed" contours).

X_pl us=[ xdoe(2: Nsi ze) ; xdoe( Nsi ze) - dx1] ;

x_m nus=[ xdoe( 1) +dx1; xdoe(1: Nsi ze-1)];

t _plus=[tdoe(2: Nsize);tdoe(Nsize)];

t _m nus=[tdoe(1l);tdoe(l: Nsize-1)];

% Find the differential |ine segnents for contour integration

di ffLP=sqgrt ((x_plus-xdoe).” 2+(t_plus-tdoe)."2);

di ffLM=sqgrt ((x_m nus-xdoe)."2+(t_m nus-tdoe)."2);

% Find the exterior angles of a DOE profile for BEM
% NOTE: normal vectors point outward fromregion 2.

al=at an2(t _m nus-tdoe, x_mi nus- xdoe) ; % ccw angle w.r.t positive x
axi s
a2=at an2(t _pl us-tdoe, x_pl us- xdoe) ;

t het a=npd(al- a2, 2*pi); % ext erior angl es

t het a=t heta. *(t het a<1. 99*pi ) ; % checks for round-off error
nor mal _ang=nod( a2+t heta/ 2, 2*pi ) ; % This is the angle of the

nor nal vector

ang_pl us=nod(a2+pi/ 2, 2*pi); % gi ves the Nth normal
angl e for THE EDGES

ang_m nus=nod(al-pi/ 2, 2*pi); % gives the (N-1)th
normal angle for THE EDGES

L OO

% Di splay run statistics to Conmand w ndow.

T L i
------------------------ \n']);

fprintf(['"\n\nRunning BEM for file:\t', filename, ' \t\t']);
fprintf([datestr(now, 8),'\t', datestr(now, 1),"'\t', datestr(now, 16),"'\n\n\n

fprintf([' Nunber of boundary sanple points:\t\t', nunRstr(Nsize),"\
fprintf(['DOE m nimum feature size (mcrons):\t\t', nun2str(nfs), "\
fprintf([' Transverse spacing increment(mcrons):\t', nun2str(dx1),'\n
fprintf(['Quantization of thickness levels: \t\t',nunkstr(Q,"' \n']);

fprintf(['"\nTimng program bl ocks (units in seconds):\n']);
%**********************************************************************

kkhkkkkhkhkkkhkhkkkhkkkk*k

% FIND Y AND Z MATRI CES THAT DESCRI BE BOUNDARY PO NT COUPLI NG

tz2=cputi e;
Z2 =di ag(1-
theta/ (2*pi)) +YZcoupl i ngO1A( xdoe, tdoe, | ani n2,' z' , I nt Pt s, bess, yzpart);
fprintf(["\n\nz2 tinme:\t\t\t',6 nun2str(cputi nme-
tz2),'\n']);

tzl=cputi me;
Z1 =di ag(thetal/ (2*pi))-
YZcoupl i ng0O1A( xdoe, tdoe, l am nl,'z',IntPts, bess, yzpart);
fprintf(['z1 time:\t\t\t', nunm2str(cputinme-tzl),'\n'])

ty2=cputi me;
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Y2 = YZcoupl i ng0O1A(xdoe, tdoe,lamn2,'y',IntPts, bess, yzpart);
fprintf(['y2 time:\t\t\t', nunRstr(cputinme-ty2),'\n'])
tyl=cputi ne;

Y1 = YZcoupl i ng0O1A(xdoe, tdoe,lanmnl,'y',IntPts, bess,yzpart);

fprintf(['yl time:\t\t\t', nunRstr(cputine-tyl),"'\n']);

%**********************************************************************
khkkkhkhkkhkkhkkhkkhkhkk*k

% I ntroduce incident fields -> uses exp(-jkz) notation

% 1=2*pi *nl/ | am

%Ji nc=Uanp*super _gaussi an(xdoe, xUmax- xUm n, gauss_order). *exp( -

j *k1*(si n(Uang) *t doe+cos( Uang) *xdoe) ) ;

%Jn=-j *k1.*U nc. *(sin(Uang) *si n( nor mal _ang) +cos( Uang) *cos(nornal _ang));
% Nor mal derivative of

i ncident field PLANE WAVE STUFF 1111

% CONSI DERI NG GEQOVETRY OF | NFRARED CAMERA SYSTEM
RSN RN

a01=((Y-wi dth/2/1000) +(AS/ 2))/d_AS; b01=(( Y+wi dt h/ 2/ 1000) -
(AS/ 2))/d_AS;

ft=width./(a0l-b01); f x=b01*ft +wi dt h/ 2;
rol=sqrt((ft-tdoe). 2+(fx-xdoe)."2); cl ear a0l b01 fx
ft

U nc=exp(j*(2*pi *nl/lam*r01)./r01; clear r01 %

wi thout finite aperture

% CALCULATE | NCIDENT FIELD !'!'!'! (note that it's a sperical wave)

U nc=Ui nc. *rect (xdoe/width); % Ilnpose finite aperture

%Ji nc=rect (x_doe/w dth).*exp(-j*2*pi *nl*t _doe/l anfcos(al)). *exp(-
j*2*pi *nl*x_doe/l antsin(al)); FOR PLANE WAVES !

Ux=0; Uz=0;

Un=cos(normal _ang) . *Ux+si n( nor mal _ang) . *Uz; % THI S | S EFFECTI VELY
SET TO ZERO FOR OPEN CONTOURS !'!!

% Find scattered fields and nornal derivatives using LU deconposition

ts=cputine; % TE case

[Esc_te, @c_te]=Scattered fiel dO1A(Z1, Y1, Z2, Y2, geont ype, U nc, Un);
fprintf(['TE

inversion:\t\t', num2str(cputinme-ts),'\n']);

ts=cputine; % TM case
[Esc_tm @sc_tn]=Scattered_fiel dO1A(Z1, Y1*nl1lr2, Z2, Y2*n2"2, geont ype, Ui nc, U
nj;

fprintf(['TM
inversion:\t\t', nunRstr(cputine-ts),"'\n'])

clear Y1 Y2 71 72 % save computer nenory

% Find total field in the inage plane

x0_bem = (x0_m n: dx0: x0_max)."; % positions in inage plane
[ m crons]
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tfin=cputine; % TE case
E=Tot al _Fi el dO1A(xdoe, tdoe, | am n2, Zi nt, x0_bem Esc_te, @sc_te, bess, yzpart)
' fprintf(['TE field
calc:\t\t', nunRstr(cputime-tfin),"\n"]);

tfin=cputime; % TM case
H=Tot al _Fi el dO1A(xdoe, tdoe, | anl n2, Zi nt, x0_bem Esc_t m n2"2*(sc_t m bess, yz
part);

fprintf(['TMfield
calc:\t\t', nunRstr(cputime-tfin),"'\n']);

% Propagate to i mage plane via scalar field transformation
Zint=max([Zint;tdoe]); % Safeguard for field evaluation in an

i nternedi ate pl ane

if (Zint<Zfar)& Zi nt>max(tdoe)), tfin=cputime;

| xO=I engt h(x0_bem ;

DFTsi ze=power ( 2, FFTpower) ;

x0_bemne[ (0: DFTsi ze/ 2-1), (- DFTsi ze/ 2: -1)]."' *dxO+mean(x0_bem ;
% obj ect plane positions [m crons]

E=[ E; zer os( DFTsi ze-1 x0, 1) ];
E=shi ftud(E, -fl oor(Ilx0/2),1);

H=[ H; zer os( DFTsi ze-1x0, 1) ];
H=shi ftud(H, -fl oor(lx0/2),1);

[ E, x0] =scal ar _anal ysi s1( E, xO0_bem Zf ar- Zi nt, | am n2, xform ;
[ H, x0] =scal ar _anal ysi s1(H, xO0_bem Zf ar- Zi nt, | am n2, xform ;

x0_benefftshift(x0);
E=fftshift(E);
H=fftshift(H);
fprintf([xform'
xform\t\t', nun2str(cputime-tfin),"\n']);
end

% Proper scaling of Hfield

H=nl/ n2*H;

TEl =abs(E) . "2;

TM =abs(H)."2;

x0_beml=pi ck(x0_bem x0_bem - 100, 100) ;
TEl 1=pi ck( TEl , x0_bem - 100, 100) ;

TM 1=pi ck(TM , x0_bem - 100, 100) ;

% Units of x0 positions (umis the default unit)
if lower(xOunits(1l:5))=="mlli"',x0_bem=x0_bent 1000; end;
if | ower(xOunits(1:5))=="centi',x0_bem=x0_beni 10000; end,;

X tenmp=[' XBEM ,file_out]; % assi gn variable nanes to
out put
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E temp=[' EBEM ,file_out];
H temp=['HBEM , file_out];

assi gni n(' base', X_tenp, x0_benj; % x0 positions
assigni n(' base' , E_tenp, abs(E)); % E field val ues
assi gni n(' base',H temp, abs(H)); % H field val ues

i f upper(data_save(1l))=="Y', % save data? NOT PROPERLY
WORKI NG YET !!1!1
fid = fopen([file_out," . txt"'],"wW);
fprintf(fid,'%d2. 8f
%2.8f\n' ,[eval (X tenp)."';eval (E_ tenp).';eval (H tenp)."']);
fclose(fid);

end % Cl osi ng batch node

cd(' Bi gSpace240: Users: Art hur: No Resanpling')
fid=fopen(' Esp.txt','w);
fprintf(fid,'%d2.8f\n",TEl1);
fclose(fid);

fid=fopen(' Hsp.txt','w);
fprintf(fid,'%d2.8f\n ,TM1);
fclose(fid);

% i d=fopen(' Xomtxt','w);
Yprintf(fid,' %d2.8f\n',x0_beml);
% cl ose(fid);

fid=fopen(' Xdoesp.txt','wW);
fprintf(fid,' %d2.8f\n', xdoe);
fclose(fid);

fi d=fopen(' Tdoesp.txt',' W );
fprintf(fid,' %d2.8f\n',tdoe);

fclose(fid);

cl ear FILENAMVES FI LES OUT

ti me2=cputinme-tinmel; % Tinme it takes to run program

fprintf(["\nrun time =", nunstr(floor(time2/60))," mn.
",numstr(rem(tine2,60))," seconds\n']);

TR 18 R i e
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Below isthe code, Selectivitya.

% Designed to handle the statistica

dat a
% Not e,
nmust

% for

seperate etches are consi dered bl ocks,
be i nterchanged

bl ocked st udi es.

% Raw Photlith data

PL11=[.
PL12=[.
PL21=[.
PL22=] .
PL31=[.
PL32=[ .
PLA1=[.
PL42=] .

64,
88,
62,
89,
63,
89,

63,
88,

. 66,
. 90,
. 66,
. 88,
. 64,
. 88,
. 64,

. 88,

. 65,
. 86,

. 60,
. 87,
. 64,
. 93,
. 62,
. 88,

. 65,
. 90,
. 65,
.91,
. 60,
. 86,
. 64,
. 88,

PL51=[1. 091091061

. 05] ;

PL52:[ 1.55,1.

. 55];

PL53=[ 1.

. 84];

PL54=[ 1.

. 60] ;

PL61=[ 1.

.01];

PL62=] 1.

. 70];

PL63=[ 1.

. 75];

PL64=[1. 55, 1.61, 1. 59, 1.

.57];
PL71=].

PL72=[1.73,1.76,1.79,1.81,1.79,1.78, 1.

.72,1];

PL73=[1.83,1.87,1.86,1.90,1.89,1.91, 1.

.79, 1;

PL74=[1.80,1.78,1.77,1.85,1.80,1.83, 1.

.71, 1;

PL81=[.95,1.03,.99,1.01,.99, 1. 00, 1. 04,
PL82=[1.70,1.78,1.76,1.79,1.76,1.78, 1.

.72];

PL83=[1.79,1.88,1.83,1.87,1.86,1.86, 1.

L1777

PL84=[ 1.

.73];

PLO1=[ 1.

. 40];

PLO2=[ 2.

117,

PLO3=[ 2.

.51];

PL94=[ 3.

. 00];

80, 1.
55, 1.
00, 1.
66, 1.

77, 1.

58, 1.
84, 1.
58, 1.
03, 1.
76, 1.

82, 1.

55, 1.
81, 1.
53, 1.
02, 1.
75, 1.

80, 1.

. 64,
. 87,
. 68,
. 89,
. 62,
. 89,
. 63,

. 90,

. 65,
.91,
. 66,
.92,
. 63,
. 90,
. 64, . 66, . 65,
.90, . 89, .88,
12, 1 14, 1. 08 1.

. 69,
. 93,
. 67,
. 89,
. 61,
. 89,

63, 1.
90, 1.
65, 1.
09, 1.
78, 1.

86, 1.

65,1.62,1.60, 1.

. 64,
. 89,
. 64,
. 88,
. 63,
.91,

63, 1. 58, 1.
86, 1. 83, 1.
64, 1.57, 1.
05,1.02, 1.
75,1.76, 1.

83,1.82, 1.

. 60,
. 84,
.61, . 65,
. 85, .98,
.61, .62,
. 87, .91,
.62, .62, .64, .66,
. 86, .89, .89,.94,
15 1.11, 1 06, 1.

. 69,
. 94,

. 63,
.91,
. 65,
. 88,
. 61,
. 87,

63,1.62,1.51, 1.

88,1.85,1.78, 1.
64, 1.60,1.52,1.
03,1.05,1.01, 1.
77,1.76,1.68, 1.
83,1.82,1.73,1.

60, 1.61,1.55, 1.

99,1.04,1.07,1.07,1.06,1.03,1.08, 1. 09, .96, . 96,

68, 1.
40, 1.
19, 2.
62, 2.

12, 3.

84, 1.
48, 1.
24, 2.
70, 2.

19, 3.

74, 1.
40, 1.
23, 2.
65, 2.

13, 3.

79,1.76,1.81, 1.
50, 1.46,1.44,1.
28,2.26,2.24, 2.
74,2.68, 2. 68, 2.

25,3.19, 3. 18, 3.

80,1.80,1.71,1.
91,1.90,1.81, 1.
84,1.85,1.73,1.

1.03,.99,.96, 1.
82,1.81,1.72,1.

88,1.93,1.81,1.
81,1.86,1.73, 1.
49,1.52,1. 46, 1.
28,2.27,2.16, 2.
71,2.72,2.61, 2.

21, 3. 23, 3. 06, 3.

. 67,
. 95,
. 67,
. 95,
. 66,
. 95,

. 65,
. 90,
.67,
.91,
. 65,
.91,
.66, .64] ;

.89,.87];

07, 1.10, 1. 16, 1.

. 66] ;
. 90] ;
. 65];
.91];
. 63];
. 89];

57,1.57,1.67,1.
78,1.80,1.96, 1.
60, 1. 60, 1. 73, 1.
01, 1.00, 1. 06, 1.
70,1.72,1.83, 1.
76,1.79,1.89,1.

60, 1. 58,1.67, 1.

.96, 1. 04, 1. 03,

81,1.81, 1.

76, 1.

96, 1.

. 89, 1.

.92, 1.
.84, 1.
.49, 1.
.32, 2.
. 78, 2.

.32, 3.

140
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so bl ock and treat nment

11,1
62,1
89,1
67,1
04,1
76,1
84,1

63,1

. 98] ;
70,1.74,1.84, 1.

79,1
90,1

82,1

.06, .99];
.79, 1.

81,1
88,1
82,1
47,1
26, 2
69, 2

20, 3
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PL101=[1.28,1.35,1.34,1.31,1.33,1.33,1.32,1.30,1.30,1.25,1.27,1.32,1. 32,
éLié%é[Z.38,2.46,2.44,2.48,2.49,2.43,2.48,2.47,2.37,2.33,2.37,2.50,2.46,
éLig%;[Z.QO,2.99,2.96,3.00,3.00,2.96,3.01,2.98,2.88,2.79,2.89,3.04,2.99,
éLISL;[3.13,3.21,3.16,3.24,3.21,3.20,3.23,3.20,3.07,3.02,3.09,3.24,3.21
éL?iié[l.SZ,1.34,1.34,1.29,1.26,1.35,1.31,1.27,1.21,1.26,1.24,1.37,1.32,
éLiZgé[Z.38,2.43,2.44,2.42,2.39,2.45,2.43,2.40,2.29,2.30,2.32,2.51,2.46,
éLii%é[Z.88,2.95,2.95,2.97,2.92,2.97,2.97,2.94,2.81,2.81,2.87,3.08,2.96,
gLIiL;[S.16,3.22,3.21,3.19,3.14,3.24,3.20,3.15,3.01,3.04,3.08,3.32,3.20,
éL?gg;[l.Zl,1.30,1.29,1.27,1.25,1.25,1.26,1.25,1.20,1.19,1.22,1.28,1.27,
éLigg;[Z.35,2.42,2.43,2.46,2.41,2.41,2.46,2.45,2.29,2.29,2.34,2.46,2.44,
gLig%;[Z.88,2.96,2.94,3.00,2.96,2.97,2.99,2.96,2.85,2.76,2.86,3.02,2.97,
EL%Z%;[B.16,3.21,3.21,3.29,3.24,3.24,3.28,3.26,3.07,3.07,3.13,3.32,3.25,
. 05];

%Raw Etch data

E11=[.75,.79,.73,.75,.77,.81,.83,.82,.74,.64,.65,.76,.69,.69];
E12=[1.03,1.11,.98,1.04,1.05,1.13,1.12,1.15,1.00,.96,.93,1.10,.98,.96];
E21=[.65,.80,.70,.73,.74,.85,.78,.86,.78,.68,.66,.75,.66,.67];
E22=[.92,1.10,.96,1.03,1.05,1.16,1.12,1.16,1.03,.98,.93,1.07,.95,.98];
E31=[.67,.82,.71,.76,.75,.82,.80,.84,.73,.61,.63,.73,.61,.66];
E32=[1.00, 1. 15,.96,1.02, 1. 05,1.19, 1. 10, 1. 18, 1. 01, . 92, . 96, 1. 06, . 92, . 97] ;
E41=[.69,.81,.69,.71,.76,.83,.79,.86,.75,.64,.64,.74,.66,.69];
E42=[.99,1.11,.95,1.04,1.05,1.14,1.13,1.17,1.01, 1. 00, . 95, 1. 03, . 96, . 97] ;
E51=[1.18,1.38,1.26,1.33,1.32,1.42,1.38,1.43,1.31,1.15,1.17,1.30,1.15,1
19];
E52=[1.74,1.96,1.76,1.83,1.89,2.05,1.98,2.03,1.86,1.72,1.73,1.93,1.77,1
69] ;
E53=[2.03,2.31,2.04,2.17,2.23,2.36,2.22,2.32,2.13,2.04,2.02,2.27,2.11,1
93] ;
E54=[1.75,1.97,1.77,1.93,1.90,2.08,1.96,2.05,1.89,1.76,1.81,2.01,1.83,1
77];

E61=[1.09, 1.30,1.06,1.21,1.16,1.24,1.28,1.32,1.16,1.10,1.07,1.17,1.10, 1
03] ;
E62=[1.92,2.18,1.91,2.02,2.06,2.21,2.16,2.20,1.99,1.86,1.86,2.09,1.94,1
78] ;

E63=[ 2. 02, 2. 26, 2. 01, 2. 10, 2. 15, 2. 31, 2. 23, 2. 28,2.13,1. 96, 1. 94, 2. 23, 2. 07, 1
85];
E64=[1.80,1.99,1.78,1.87,1.95,2.09,1.96,2.02,1.87,1.74,1.71,1.97,1.84,1
65] ;
E71=[1.09,1.28,1.11,1.15,1.16,1.31,1.26,1.33,1.16,1.05,1.02,1.15,1.11,1
06] ;
E72=[1.94,2.18,1.96,2.07,2.02,2.24,2.18,2.22,2.01,1.91,1.87,2.13,2.01, 1
82];

E73=[ 2. 03, 2. 32, 2. 06, 2. 15, 2. 12, 2. 35, 2. 29, 2. 35, 2. 16, 2. 04, 1. 99, 2. 27, 2. 17, 1
93];
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E74=[ 1. 96, 2. 24, 2. 01, 2. 07, 2. 08, 2. 31, 2. 19, 2. 23, 2. 10, 1. 99, 1. 92, 2. 20, 2. 10, 1
ggié[l.12,1.33,1.09,1.18,1.19,1.30,1.21,1.30,1.15,1.03,1.11,1.14,1.06,.9
E£é=[1.96,2.25,1.98,2.09,2.12,2.27,2.13,2.24,2.03,1.91,1.93,2.13,2.05,1
Eggé[z.10,2.32,2.07,2.22,2.23,2.41,2.24,2.33,2.12,2.01,2.03,2.24,2.14,1
2222[2.01,2.26,1.96,2.13,2.15,2.33,2.15,2.24,2.03,1.97,1.98,2.15,2.08,1
2812[1.63,1.87,1.64,1.67,1.72,1.89,1.85,1.87,1.67,1.57,1.56,1.69,1.61,1
éé%é[2.51,2.84,2.54,2.64,2.68,2.85,2.78,2.85,2.59,2.47,2.42,2.71,2.55,2.
éggé[z.99,3.39,3.04,3.21,3.20,3.38,3.33,3.39,3.07,2.96,2.91,3.28,3.08,2.
ESL;[S.53,4.00,3.63,3.78,3.83,4.02,3.94,3.97,3.65,3.53,3.45,3.91,3.70,3.
E?%i:[l.45,1.60,1.42,1.51,1.51,1.67,1.55,1.65,1.50,1.29,1.35,1.47,1.37,1
Eigg;[z.69,3.05,2.74,2.88,2.87,3.11,2.96,3.06,2.81,2.58,2.64,2.97,2.73,2
Eig£¥[3.28,3.69,3.35,3.52,3.53,3.75,3.62,3.71,3.40,3.18,3.19,3.63,3.34,2
EESL;[S.SG,S.97,3.65,3.77,3.76,4.03,3.87,3.97,3.63,3.43,3.42,3.93,3.70,3
Egii;[1.46,1.64,1.46,1.53,1.53,1.68,1.71,1.66,1.54,1.38,1.37,1.52,1.41,1
E52£L[2.7o,2.99,2.73,2.84,2.86,3.06,3.04,3.03,2.80,2.58,2.61,2.96,2.73,2
Ei$£;[3.32,3.68,3.36,3.49,3.53,3.72,3.73,3.70,3.41,3.19,3.22,3.65,3.40,2
E??L;[3.59,3.96,3.61,3.74,3.77,3.99,3.97,3.99,3.68,3.48,3.43,3.93,3.68,3
Eggié[l.SB,1.57,1.43,1.49,1.52,1.60,1.59,1.62,1.50,1.35,1.33,1.49,1.37,1
Eig£é[2.65,3.oo,2.74,2.83,2.85,3.05,2.97,3.03,2.81,2.56,2.61,2.97,2.75,2
Eigg;[s.29,3.69,3.40,3.51,3.54,3.74,3.62,3.72,3.42,3.17,3.20,3.65,3.40,2
Eig%;[3.54,4.01,3.70,3.85,3.82,4.07,4.00,4.03,3.69,3.46,3.48,4.00,3.73,3

% Sel ectivities

Sll=sel di v(El11, PL11);
S12=sel di v(E12, PL12);
S21=sel di v(E21, PL21);
S22=sel di v(E22, PL22) ;
S31=sel di v( E31, PL31);
S32=sel di v( E32, PL32) ;
S41=sel di v(E41, PL41);
S42=sel di v(E42, PL42) ;
S51=sel di v(E51, PL51);
S52=sel di v(E52, PL52) ;
S53=sel di v(E53, PL53) ;
S54=sel di v( E54, PL54) ;
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S6l=sel di v(E61, PL61) ;
S62=sel di v(E62, PL62) ;
S63=sel di v(E63, PL63) ;
S64=sel di v( E64, PL64) ;
S71=sel di v(E71, PL71);
S72=sel di v(E72, PL72) ;
S73=sel di v(E73, PL73) ;
S74=sel di v(E74, PL74) ;
S81=sel di v(E81, PL81);
S82=sel di v( E82, PL82);
S83=sel di v(E83, PL83);
S84=sel di v( E84, PL84) ;
S91=sel di v(E91, PL91);
S92=sel di v(E92, PL92) ;
S93=sel di v( E93, PL93) ;
S94=sel di v( E94, PL94) ;
S10l1=sel di v( E101, PL101);
S102=sel di v( E102, PL102);
S103=sel di v( E103, PL103);
S104=sel di v( E104, PL104) ;
Sill=sel di v(E111, PL111);
S112=sel di v(E112, PL112);
S113=sel di v(E113, PL113);
Sll4=sel di v(E114, PL114);
S121=sel di v(E121, PL121);
S122=sel di v(E122, PL122);
S123=sel di v( E123, PL123);
Si124=sel di v(E124, PL124);

% Cbservation Matrix for Selectivities

OBSVAT=[ S11; S12; S21; S22; S31; S32; S41; S42; S51; S52; S53; S54; S61; S62; S63; S64;
S71, S72; S73; S74; S81; S82; S83; S84, S91; S92,
S93; S94; S101; S102; S103; S104; S111; S112; S113; S114; S121; S122; S123; S124] ;

% Cbservation Matrix for Photolith
OBSMATP=[ PL11; PL12; PL21; PL22; PL31; PL32; PL41; PL42; PL51; PL52; PL53; PL54; PL6
1; PL62; PL63;

PL64; PL71; PL72; PL73; PL74; PL81; PL82; PL83; PL84; PL91; PL92;

PL93; PL94; PL101; PL102; PL103; PL104; PL111; PL112; PL113; PL114; PL121; PL122; PL
123; PL124];

% Qbservation Matrix for Etch
OBSVATE=[ E11; E12; E21; E22; E31; E32; E41; E42; E51; E52; E53; E54; E61; E62; E63; E64
:E71; E72; E73; E74; E81; E82; E83; E84; E91; E92;

E93; E94; E101; E102; E103; E104; E111; E112; E113; E114; E121; E122; E123; E124] ;

% Fi nd Variance and Standard Devi ati on over the 14 processes for each
feature
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AVSEL=( sum sum OBSVAT) ) )/ 560;
AVSELP=( sum sum OBSMATP) ) )/ 560;
AVSELE=( sum sum OBSMATE) ) ) / 560;

% Grand Average matrices for selectivities, photoliths, etches

for i=1:40

for j=1:14
GRANDAV( i , j ) =AVSEL;
GRANDAVP(i , j ) =AVSELP;
GRANDAVE( i , j ) =AVSELE;
j =i+,

end;

i =i +1;

end;

%Ir eat nent nean vectors

TREMEAN=( sun{ OBSVAT) ) / 40;
TREMEANP=( sur( OBSMATP) ) / 40;
TREMEANE=( sun{ OBSMATE) ) / 40;

%lreat ment nean matrices

TREMEANMAT=[ TREMEAN, TREMEAN, TREMEAN, TREMEAN, TREMEAN, TREMEAN, TREMEAN, TREM
EAN, TREMEAN, TREMEAN,

TREMEAN, TREMEAN, TREMEAN; TREMEAN; TREMEAN; TREMEAN, TREMEAN, TREMEAN, TREMEAN;
TREMEAN,

TREMEAN, TREMEAN, TREMEAN, TREMEAN, TREMEAN, TREMEAN, TREMEAN; TREMEAN; TREMEAN;
TREMEAN,

TREMEAN; TREMEAN: TREMEAN; TREMEAN; TREVEAN: TREMEAN; TREMEAN; TREVEAN: TREVEAN;
TREMVEAN] ;

TREMEANNVATP=[ TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMVE
ANP; TREMEANP; TREMEANP; TREMEANP;

TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP;
TREMEANP; TREMEANP;

TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP;
TREMEANP; TREMEANP,

TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP; TREMEANP;
TREMEANP; TREMEANP] ;

TREMEANVATE=[ TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREVE
ANE; TREMEANE, TREMEANE; TREMEANE;
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TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE;
TREMEANE; TREMEANE;

TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE; TREMEANE;
TREMEANE; TREMEANE;

TREMEANE; TREMEANE; TREMEANE;, TREMEANE; TREMEANE;, TREMEANE; TREMEANE; TREMEANE;
TREMEANE; TREMEANE] ;

%8l ock mean vectors

BLOCKMEAN=( sum( OBSMAT' ) ) / 14;
BLOCKMEANP=( sum( OBSMATP' ) ) / 14;
BLOCKMEANE=( sum( OBSMATE' ) ) / 14;

o8l ock mean matri x

BLOCKMEANVATA=[ BLOCKMEAN; BLOCKMEAN; BLOCKMEAN; BLOCKMEAN; BLOCKMEAN; BLOCKME
AN; BLOCKMVEAN,

BLOCKMEAN; BLOCKMEAN, BLOCKMEAN; BLOCKMEAN; BLOCKMEAN; BLOCKMEAN; BLOCKMEAN ;

BL OCKMEANVATAP=[ BL OCKMEANP; BL OCKMEANP; BLOCKMEANP; BL OCKMEANP; BLOCKMEANP; B
L OCKMEANP; BLOCKMEANP;

BLOCKMEANP; BLOCKMEANP; BL OCKIVEANP; BL OCKMEANP; BLOCKMEANP; BL OCKMEANP; BLOCKM
EANP] ;

BL OCKMEANMATAE=[ BLOCKMEANE; BLOCKMEANE; BLOCKMEANE; BLOCKMEANE; BLOCKMEANE; B
L OCKMEANE; BLOCKMEANE;

BLOCKVEANE; BLOCKMVEANE; BLOCKMEANE; BLOCKMEANE; BLOCKMVEANE; BLOCKVEANE; BLOCKM
EANE] ;

BL OCKMEANMAT=BL OCKMEANVATA' ;
BL OCCKMEANNMAT P=BL OCKMEANVATAP' ;
BL OCKMEANVATE=BL OCKMEANVATAE' ;

%econposition Matrices, and std over 14 runs for each of 40 features

B=BL OCKMEANVAT- GRANDAV;
T=TREMEANVAT- GRANDAY,
R=0BSNAT- BLOCKMEANVAT- TREMEANVAT+GRANDAY,
BL OCKEXVAL =BL OCKMEANVAT+TREMEANVAT- GRANDAV;
T1=0BSNVAT- TREMEANNAT;
T2=0BSNAT- BLOCKVEANNAT;
for i=1:40
for j=1:14
OBSV(i,j)=T2(i,j)"2;
j=j+1;



sel var=(sum(OBSV' )/ 13)"

for i=1:40
stdsel (i,1)=sqrt(selvar(i,1));
i =i +1;
end;

BP=BL OCKMEANMATP- GRANDAVP
TP=TRENMEANVATP- GRANDAVP
RP=0OBSNMATP- BLOCKMEANNMATP- TREMEANVATP+GRANDAVP
T2P=0BSNVATP- BLOCKMEANVATP
for i=1:40
for j=1:14
OBSVP(i,j)=T2P(i,j)"2;
j =i+
end;
i =i +1;
end;
pvar =(sun{ OBSVP' )/ 13)";
for i=1:40
stdp(i,1l)=sqrt(pvar(i,l));
i =i +1;
end;

BE=BL OCKMEANMATE- GRANDAVE
TE=TRENMEANVATE- GRANDAVE
RE=0BSMATE- BLOCKMEANVATE- TREMEANVATE+GRANDAVE
T2E=0BSMATE- BLOCKMEANVATE
for i=1:40
for j=1:14
OBSVE(i,j)=T2E(i,]j)"2;
=i +1
end;
i =i +1;
end;
evar=(sum( OBSVE' )/ 13)"';
for i=1:40
stde(i,1l)=sqgrt(evar(i,1));
i =i +1;
end;

% Construct Position on Substrate Vectors

for i=1:40

for j=1:14
POSVEC(i , ) =i
end;
end;

for i=1:2

for j=1:14
P1L(i,j)=1;
end;
end;
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for i=1:2
for j=1:
P2L(i
end;
end;

for i=1:2
for j=1:
P3L(i
end;
end;

for i=1:2
for j=1:
PAL(i
end;
end;

for i=1:4
for j=1:
P5L(i
end;
end;

for i=1:4
for j=1:
P6L(i
end;
end;

for i=1:4
for j=1:
P7L(i
end;
end;

for i=1:4
for j=1:
P8L(i
end;
end;

for i=1:4
for j=1:
POL(i
end;
end;

for i=1:4
for j=1:

end;
end;

for i=1:4
for j=1:

1) =9;

14

P1OL(i,j)=10;

14
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P11L(i,j)=11;
end;
end;
for i=1:4
for j=1:14
P12L(i,j)=12;
end;
end;

POSVECL=[ P1L; P2L; P3L; PAL; P5L; P6L; P7L; P8L; POL; P10L; P11L; P12L];

for i=1:2

for j=1:14
P1S(i,j)=i;
end;
end;

for i=1:4

for j=1:14
P2S(i,j)=i;
end;
end;

POSVECS=[ P1S; P1S; P1S; P1S; P2S; P2S; P2S; P2S; P2S; P2S; P2S; P2S] ;

for i=1:40
for j=1:14
TI MEVEC(i,j) 5 ;
end;
end;

% Construct vectors of squared val ues and residual s

for i=1:40
for j=1:14

SQUOBSMVAT( 1, 14*i - (14-j))=0BSMAT(i,]j)"2;
SQUOBSMVATP( 1, 14*i - (14-]))=0BSMATP(i,j)"2;
SQUOBSMATE( 1, 14*i - (14-]))=0BSMATE(i,])"2;
SQUGRANDAV( 1, 14*i - (14-])) =GRANDAV(i,|)"2;
SQUGRANDAVP( 1, 14*i - (14-j)) =GRANDAVP(i,|)"2;
SQUGRANDAVE( 1, 14*i - (14-j)) =GRANDAVE(i,|)"2;
SQUTREMEANMAT( 1, 14*i - (14-j)) =TREMEANMAT(i,j)"2;
SQUTREMVEANVATP( 1, 14*i - (14-j)) =TREMEANVATP(i,j)"2;
SQUTREMEANVATE( 1, 14*i - (14-j)) =TREMEANVATE(i,j)"2;
SQUBLOCKMEANNMAT( 1, 14*i - (14-])) =BLOCKMEANMAT(i, ) "2;



SQUBLOCKMEANVATP( 1, 14*i - (14-j)) =BLOCKMEANVATP(i,j)"2;
SQUBLOCKMEANMVATE( 1, 14*i - (14-j)) =BLOCKMEANVATE(i ,j)"2;
squB(1, 14*i-(14-j))=B(i,j)"2;

squT(1, 14*i-(214-j))=T(i,j)"2;

squR(1, 14*i-(14-j))=R(i,j)"2;

squBP( 1, 14*i-(14-j))=BP(i,j)"2;

squTP( 1, 14*i-(14-j))=TP(i,j)"2;

SqQURP( 1, 14*i-(14-j))=RP(i,j)"2;

squBE( 1, 14*i-(14-j))=BE(i,j)"2;

squTE( 1, 14*i -(14-j))=TE(i,j)"2;
SqURE( 1, 14*i -(14-j))=RE(i,])"2;
squTl(1, 14*i-(14-j))=T1(i,j)"2;
squT2(1, 14*i-(14-j))=T2(i,j)"2;
end;

end;

%Construct vectors of matrices

for i=1:40
for j=1:14
NOBSMVAT( 1, 14%i - (14-j)) =0BSMAT(i,j);
NOBSMATP( 1, 14*i - (14-j))=0BSMATP(i,j);
NOBSMATE( 1, 14*i - (14-j))=OBSMATE(i,]);
NGRANDAV( 1, 14*i - (14-])) =GRANDAV(i , | );
NGRANDAVP( 1, 14*i - (14-])) =GRANDAVP(i ,j);
NGRANDAVE( 1, 14*i - (14-])) =GRANDAVE(i ,j);
NTREVEANVAT( 1, 14*i - (14-j)) =TREMEANMAT(i,j);
NTREVEANVATP( 1, 14*i - (14-j)) =TREMEANMATP(i , ] );
NTREVEANVATE( 1, 14*%i - (14-j)) =TREMEANVATE(i , ) ;
NBLOCKVEANVAT( 1, 14*i - (14-)) =BLOCKMVEANMAT(i , j ) ;
NBLOCKMEANVATP( 1, 14*i - ( 14-j ) ) =BLOCKMEANMATP(i , ] );
NBLOCKMEANVATE( 1, 14*i - ( 14-j ) ) =BLOCKMEANMATE(i , j ) ;
nB(1, 14*i-(14-j))=B(i,j);
nT(1, 14*i-(14-j))=T(i,j);
nNR(1, 14*i-(14-j))=R(i,j);
nBP(1, 14*i-(14-j))=BP(i,j);
nTP(1, 14*i-(14-j))=TP(i,j);
nRP(1, 14*i-(14-j))=RP(i,j);
nBE( 1, 14%i-(14-j))=BE(i,]|);
NTE(1, 14%i-(14-j)) =TE(i,]);
nRE(1, 14*i-(14-j))=RE(i,]);
nNT1(1, 14*i-(14-j))=T1(i,j);
NBLOCKEXVAL( 1, 14*i - (14-])) =BLOCKEXVAL(i , | );
nPOSVEC( 1, 14*i - (14-j)) =POSVEC(i ,|):
NPOSVECL( 1, 14*i - (14-]))=POSVECL(i ,|);
nPOSVECS( 1, 14*i - (14-j))=POSVECS(i,|);
i nTI MEVEC( 1, 14*i-(14-j)) =TI MEVEC(i,]|);

end;
end;

% Anal ysis where separate runs in R E were not bl ocked but considered
treatments

STREAT=sun(squTl)/546; % Wthin treatnent sum of squares
SBTREAT=sum(squT)/13; % Between treatnment sum of squares
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RSSB=SBTREAT/ STREAT; % Rati o of above, ratio is 146, so clearly, by F
test, the process was not repeatable
%o within the range of individual feature
etches, i.e. the variation of the runs over
%shadows the variation between features within
the runs.
SBTREATP=sum(squTP)/ 13;
SBTREATE=sum(squTE) / 13;

% Anal ysis where seperate features are not bl ocked but considered
treatnments

STREAT1=sum(squT2)/520;
SBTREAT1=sum(squB)/ 39;
RSSB1=SBTREAT1/ STREAT1; 9% his equals .5193, which, by F test, says that
the variations of the

% | ndi vi dual features are not significantly
different than the variation fromrun to run.

% Anal ysis where separate runs in R E were bl ocked and each feature
sel ectivity is considered
% a treatnment

SBLOCK=sunm(squB)/39; %8l ock deviation from grand average sum of
squar es

SRES=sun{squR)/507; 9Bl ock residuals sum of squares

RBR=SBLOCK/ SRES; %Rati o of Bl ock deviations sos to Bl ock residual
sos
RTR=SBTREAT/ SRES; %Rati o of Treatnent deviations sos to Bl ock

resi dual sos

9%RBR (treatnent (feature/res) ratio is 2.67, RIR
(bl ock(run)/res) ratio is 174.. by F test both discredit the hypothesis

%l hat residual error is nmore inportant than the
bl ock and treatnent errors, especially the bl ock.

% Both the treatnment variance and and bl ock
variance overshadow the residual error, and the bl ock

%ari ance nassively overshadowi ng the treatnent
vari ance. Discounting block error, it may be productive

%0 locate a functional relationship between
selectivity and feature etch depth.

% Wite vectors to files for purpose of graphing, etc.
%d(' C:\Users\ Arthur\di ssertation\statsdata')

%id = fopen('sqobs.txt', '"wW); %Array of Squares for Cbserved
Selectivity Val ues

YWprintf(fid,' %.4f\n', sQuOBSNAT) ;

% cl ose(fid);

% id = fopen('sqobsp.txt', 'wW); %Array of Squares for Cbserved
Photolith Val ues

YWprintf(fid,' %.4f\n', sQuUOBSNVATP) ;

% cl ose(fid);

% id = fopen('sqobse.txt', 'wW); %Array of Squares for Cbserved Etch
Val ues

YWprintf(fid,' %.4f\n', sQuUOBSVATE) ;

% cl ose(fid);
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%id = fopen('sqgrav.txt', 'w); %Array of Squares for G and Average
Sel ectivity Val ues

YWprintf(fid,' %b.4f\n', sQUGRANDAY) ;

% cl ose(fid);

%id = fopen('sqggravp.txt', "w); %Array of Squares for G and Average
Phot ol ith Val ues

Yprintf(fid,' %b.4f\n', sSQUGRANDAVP) ;

% cl ose(fid);

%id = fopen('sqggrave.txt', '"w); %\ rray of Squares for G and Average
Et ch Val ues

Yprintf(fid,' %.4f\n', SQUGRANDAVE) ;

% cl ose(fid);

%id = fopen('sqtr.txt', "wW); %Array of Squares for Treatnent nean
sel ectivity Val ues

Yprintf(fid,' %.4f\n', SQUTREMEANMAT) ;

% cl ose(fid);

%id = fopen('sqtrp.txt', "wW); %\ rray of Squares for Treatmnment nean
photolith Val ues

Yprintf(fid,' %.4f\n', SQUTREMEANMATP) ;

% cl ose(fid);

%id = fopen('sqtre.txt', '"wW); % \rray of Squares for Treatnent nean
Et ch Val ues

Yprintf(fid,' %.4f\n', SQUTREMEANVATE) ;

% cl ose(fid);

%id = fopen('sgb.txt', '"wW); %\rray of Squares for Block nean
sel ectivity Val ues

%printf(fid,' %.4f\n', squBLOCKMEANVAT) ;

% cl ose(fid);

%id = fopen('sgbp.txt', "wW); %Array of Squares for Bl ock nmean
photolith Val ues

%printf(fid,'%.4f\n', squBLOCKVMEANNVATP) ;

% cl ose(fid);

%id = fopen('sgbe.txt', "wW); %Array of Squares for Bl ock mean Etch
Val ues

Yprintf(fid,' %.4f\n', sQuBLOCKMEANVATE) ;

% cl ose(fid);

%id = fopen('sgbB.txt', "wW); %\ rray of Squares for Block mean ninus
Grand Average selectivity Val ues

Yprintf(fid,' %.4f\n',squB);

% cl ose(fid);

%id = fopen('sqT.txt', "wW); %Array of Squares for Treatnment nean
m nus Grand Average sel ectivity Val ues

Yprintf(fid,' %.4f\n',squT);

% cl ose(fid);

%id = fopen('sgR txt', 'wW); %\rray of Squares for Total Residual
sel ectivity Val ues (Bl ock technique)

YWprintf(fid,' %.4f\n', squR);

% cl ose(fid);

%id = fopen('sgbBP.txt', '"wW); %Array of Squares for Bl ock nmean minus
Grand Average Photolith Val ues

YWprintf(fid,' %.4f\n',squBP);

% cl ose(fid);

%id = fopen('sqTP.txt', "W); %Array of Squares for Treatnent nean
m nus Grand Average Photolith Val ues

YWprintf(fid,' %.4f\n' ,squTP);

% cl ose(fid);
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%id = fopen('sgRP. txt', '"wW); %Array of Squares for Total Resi dual
Photol i th Val ues (Bl ock technique)

Yprintf(fid,' %b.4f\n',squRP);

% cl ose(fid);

%id = fopen('sgbBE.txt', '"wW); %A\rray of Squares for Block nmean m nus
Grand Average Etch Val ues

Yprintf(fid,' %.4f\n',squBE);

% cl ose(fid);

%id = fopen('sqTE. txt', "wW); %Array of Squares for Treatnent nean
m nus Grand Average Etch Val ues

Yprintf(fid,' %.4f\n',squTE);

% cl ose(fid);

%id = fopen('sgRE. txt', "wW); %Array of Squares for Total Residual
Et ch Val ues (Bl ock techni que)

Yprintf(fid,'  %.4f\n', squRE);

% cl ose(fid);

%id = fopen('lobs.txt', "wW); %Linear Array of Cbserved Selectivity
Val ues

Yprintf(fid,' %.4f\n',|inOBSMAT);

% cl ose(fid);

%id = fopen('lobsp.txt', "wW); %.inear Array of Cbserved Photolith
Val ues

Yprintf(fid,' %.4f\n',|i nOBSMATP);

% cl ose(fid);

%id = fopen('lobse.txt', "wW); O9.inear Array of Cbserved Etch Val ues

%Wprintf(fid, ' %.4f\n',|i nOBSMATE);

% cl ose(fid);

%id = fopen('lgrav.txt', '"w); O9.inear Array of G and Average
Sel ectivity Val ues

YWprintf(fid, 9%b.4f\n', i nGRANDAV);

% cl ose(fid);

%id = fopen('lgravp.txt', 'w); %.inear Array of G and Average
Photolith Val ues

YWprintf(fid,' %.4f\n', i nGRANDAVP) ;

% cl ose(fid);

%id = fopen('lgrave.txt', "wW); %.inear Array of Grand Average Etch
Val ues

YWprintf(fid,' %.4f\n', i nGRANDAVE) ;

% cl ose(fid);

%id = fopen('Itr.txt', "wW); %.inear Array of Treatnent mean
sel ectivity Val ues

YWprintf(fid,' %.4f\n',|i nTREMEANVAT) ;

% cl ose(fid);

%id = fopen('Itrp.txt', "wW); %.inear Array of Treatnent nean
photolith Val ues

YWprintf(fid,' %.4f\n',|i nTREMEANVATP) ;

% cl ose(fid);

%id = fopen('ltre.txt', "wW); %.inear Array of Treatnent nean Etch
Val ues

YWprintf(fid,' %.4f\n',|i nTREMEANVATE) ;

% cl ose(fid);

%id = fopen('Ib.txt', "wW); %.inear Array of Block nmean selectivity
Val ues

%Wprintf(fid,' %.4f\n',|i nBLOCKMEANVAT) ;

% cl ose(fid);
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%id = fopen('lbp.txt', "W); %.inear Array of Block nean photolith
Val ues

YWprintf(fid,' %.4f\n',|i nBLOCKMEANVATP) ;

% cl ose(fid);

%id = fopen('lbe.txt', "W); %.inear Array of Block nean Etch Val ues

YWprintf(fid,' 9%.4f\n',|i nBLOCKMEANVATE) ;

% cl ose(fid);

%id = fopen('IbB.txt', "wW); %.inear Array of Block nean m nus G and
Average selectivity Val ues

YWprintf(fid,' 9%.4f\n',1inB);

% cl ose(fid);

%id = fopen('IT.txt', "wW); %.inear Array of Treatnment nean ni nus
Grand Average selectivity Val ues

Yprintf(fid,' 9%b.4f\n",1inT);

% cl ose(fid);

%id = fopen('Rtxt', "wW); %.inear Array of Total Residual
selectivity Values (Bl ock technique)

Yprintf(fid,'9%.4f\n",1inR);

% cl ose(fid);

%id = fopen('IbBP.txt', "W); %.inear Array of Block nmean m nus G and
Aver age Photolith Val ues

Yprintf(fid,' 9%.4f\n',1inBP);

% cl ose(fid);

%id = fopen('I| TP.txt', "W ); %.inear Array of Treatnment nean mninus
Grand Average Photolith Val ues

YWprintf(fid,'%.4f\n',1inTP);

% cl ose(fid);

%id = fopen(' | RP.txt', "wW); %.inear Array of Total Residual
Photol i th Val ues (Bl ock technique)

YWprintf(fid,'9%.4f\n',1inRP);

% cl ose(fid);

%id = fopen(' | bBE. txt', "wW); %.inear Array of Block mean m nus G and
Aver age Etch Val ues

YWprintf(fid,'%.4f\n',1inBE);

% cl ose(fid);

%id = fopen(' | TE. txt', "wW); %.inear Array of Treatnment mean m nus
Grand Average Etch Val ues

YWprintf(fid,'9%.4f\n' ,1inTE);

% cl ose(fid);

%id = fopen(' | RE.txt', "wW); %.inear Array of Total Residual Etch
Val ues (Bl ock technique)

YWprintf(fid,'%.4f\n' ,1inRE);

% cl ose(fid);

%id = fopen(' Tone.txt', "wW); 9%.inear Array of Between Treatnent
Resi dual Etch Val ues (Non-Bl ock technique)

YWprintf(fid,'9%.4f\n' ,1inTl);

% cl ose(fid);

%id = fopen('Bval.txt', "wW); %.inear Array of Total Residual Etch
Val ues (Non-Bl ock techni que)

YWprintf(fid,' %.4f\n',1inBLOCKEXVAL) ;

% cl ose(fid);

%id = fopen("Bm.txt', "wW); %.inear Array of Block average
sel ectivity val ues

YWprintf(fid,' %.4f\n', BLOCKVEAN) ;

% cl ose(fid);

%id = fopen('Bme.txt', "W); %.inear Array of Bl ock average Etch
Val ues



YWprintf(fid,'

% cl ose(fid);

%id = fopen('
Yprintf(fid,'

% cl ose(fid);

%id = fopen('

40) Val ues

Yprintf(fid,'

% cl ose(fid);

%id = fopen('

12) Val ues

Y%printf(fid,'

% cl ose(fid);

%id = fopen('

4) Val ues

Yprintf(fid,'

% cl ose(fid);

%id = fopen('

Val ues

Yprintf(fid,'

% cl ose(fid);
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9%. 4f\ n' , BLOCKMVEANE) ;

Tonea.txt', "wW); % Random Wthin Treatnment Residuals
9. 4f\n' , 1inT1A),;

Psvec.txt', '"w); %.inear Array Substrate Position (1-
9%. 4f\ n' , | i nPOSVEC) ;

Psvecl .txt', '"w); %.inear Array Substrate Position (1-
9%. 4f\n' , | i nPOSVECL) ;

Psvecs.txt', 'w); 9%.inear Array Substrate Position (1-
%. 4f\n' , | i nPOSVECS) ;

Tnvec.txt', "wW); %.inear Array Substrate Position (1-4)

9%. 4f\n' , i nTI MEVEC) ;
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