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Previous studies have shown that periodic arrays of antenna
elements could be used to perform the common functions of filtering for
electromagnetic (EM) waves. These previous studies have been largely
confined to the microwave portion of the EM spectrum although filters
with Tlimited performance characteristics have been constructed and
measured in the far-infrared. In this dissertation, measured reasults on
band-pass and band-reject filters for the mid-infrared are reported.
The frequencies involved are at least a factor of ten higher than any
previously reported for the types of filters discussed. 1In addition to
the measured data, calculations of the band-reject filter
characteristics are presented. These calculated data were obtained
using computer codes previously tested in the microwave regime. With
some modifications to these codes the measured and calculated filter
center frequencies are found to be in good agreement. TIn addition,
techniques are presented to model the effect of metallic loss in the
antenna elements. This effect is found to be important for filters

designed to operate in the mid-infrared.
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CHAPTER I

INTRODUCTION

Many studies [1-4,6-13] have shown that periodic arrays of antenna
elements could be used to perform the common functions of filtering
(both bandpass and bandstop) for propagating wave systems. Most of
these séudies have been limited to frequencies in the microwave and
frequency regimes., It is the purpose of this dissertation to show that
these low frequency techniques can be applied to the analysis and
construction of filters designed to operate at frequencies in the
mid=-infrared. The ultimate aim is to increase the design flexibility of
filters for this frequency regime to enable the construction of surfaces
with controllable off-normal characteristics. This is quite important
since many times filters must be placed in optical trains at various
angles or in positions where the optical beam is convergent or both.
Obtaining stable frequency characteristics for such purposes can he
quite difficult when using standard, multi-layer, dielectric filters
since the operation of the filters depends on the phase delays between

various surfaces. These phase delays, as well as the reflection



coefficients at the surfaces, change with incidence angle resulting in
changes in the filter characteristics.

It has been shown [7,8,10] that the filter characteristics of
surfaces consisting of infinite arrays of resonant elements can be
designed for center frequencies which are stable with incidence angle.
The reason for this is that the resonance locations of the elements do
not change with aspect angle. In addition, by proper design of the
dielectric layers around the resonant elements (accounting for resonance
shifts due to dielectric loading), the filters can be designed for
constant bandwidth with incidence angle. Resonant surfaces have also
been built for use in the far-infrared regime where the elements are
.somewhat smaller (generally the higher the resonant frequency the
smaller the dimensions of the elements). At these higher frequencies,
the elements have typically been very simple fat dipoles (square metal
elements) or fat slots (square holes in metal) [1-4,17-207]
Unfortunately, these far-infrared surfaces have been designed using a
very simplified theory which cannot predict the filter performance at
oblique incidence angles and is thus unsatisfactory.

The main thrust of this study will be to show that advanced filters
for the mid-infrared frequency regime (roughly the wavelength region
from 5 microns to 15 microns) can be designed, built and actually
measured.

The rest of this dissertation will be organized as follows. In

Chapter II, two theories for design of periodic surfaces or grid



structures will be reviewed and the most appropriate examined in detail.
This review is quite tutorial in nature and presents the strengths and
weaknesses of each technique.

In Chapter III, a simplified version of the more complete theory
will be used to design periodic surfaces for the mid-infrared regime.
In addition, this chapter presents actual results of constructing
filters based on these simple designs using the techniques of
electron-beam (e-beam) lithography. Two appendices are included in
support of Chapter III. 1In Appendix A, the techniques for constructing
the extremely small antenna elements are presented. These techniques
include a laser interferometric system which was inadequate for pattern
generation and the description of an e~beam pattern generation facility
which was finally used. Appendix C provides information about the
substrate material, calcium fluoride (CaFp), which was chosen to provide
physical support for the periodic surfaces.

In Chapter IV, measured transmittance data are presented for the
filters described in Chapter III. The measurement system for this
frequency range relies on the methods of Fourier transform spectroscopy
(FTS). A detailed description of the actual system used including a
derivation of the FTS process is provided in Appendix B. Included with
the measured data in Chapter IV are scanning electron microscope (SEM)
photographs of all the filter surfaces which were successfully built.
These photos are used to obtain thé actual dimensions of the antenna

elements for detailed modelling of the filter characteristics.



Modelling of the filter surfaces is done in Chapter V using
computer codes which were developed for the microwave frequency regime.
The necessary modifications to these codes to account for the dispersive
nature of the CaFp substrate material are pointed out as well as several
other modifications to account for properties of the mid-infrared
materials. The required model for CaF9 is obtained in Appendix C. An
jmportant property in this frequency range is the resistive loss in the
metal surfaces. Techniques for modelling this loss for an arbitrary
metal are presented in Appendix D. This analysis requires a knowledge
of the surface resistance of the metal. Data of this type are presented
in Appendix E for some of the metals used in this study.

In Chapter VI, a summary of this study is given. Included in this
section are recommendations for future studies as well as additional

information which will be needed.



CHAPTER II

ANALYSIS OF PERIODIC SURFACE CHARACTERISTICS

In this section, two techniques are presented for modelling the
characteristics of infinite periodic surface structures. The first will
be referred to as grid theory (GT) or Ulrich's theory after its prime
developer [1-47. This theory is a specialization of more complete
results presented by Marcuvitz [5]. As a result, Ulrich's theory is an
approximation which is reasonably valid only at low frequencies (below
array first resonance) and at normal incidence. For these reasons, it
will not be extensively discussed. A much more complete and accurate
theory has been developed by Munk and co-workers [6-13]. This theory
will be referred to as periodic surface theory (PST). PST dis capable of
handling frequencies above resonanée and off-axis effects. For these
reasons, PST has been used for the design and analysis of the filters
constructed during this study, and will therefore be treated in greater

detail than grid theory.



A.  GRID THEORY

This theory, as developed by Ulrich, is based on low frequency
models for scattering by one-dimensional (ld) wire grids. The original
models developed by Ulrich are in essence simplifications of models
presented by Marcuvitz [5] and others for scattering by 1ld grids.
Marcuvitz's results are obtained by evaluating the scattering by a
wire grid via integral equation techniques [14,15] and retaining the
first two diffraction modes. These results are for both polarizations
and various incidence angles. Ylrich's models are obtained from those
of Marcuvitz by making two assumptions and several approximations. The
first assumption is that all rays are incident normal to the grid
surface which results in a considerable simplification of the model
formulas. The second assumption is that the grid is essentially
transparent for the H-field polarized parallel to the grid (i.e., the
ideal polarizer). By crossing two such identical grids at 90°, a
polarization insensitive surface is obtained. The resulting surface is
shown in Figure 2.1 with its lumped circuit model useful for Tow
frequencies and normal incidence. Due to the model used, this surface
is referred to in grid terminology as an "inductive grid" (in PST
terminology a "slot array"). For arrays consisting of flat strips in
free space, the shunt impedance used to model the surface is given
by [1]

X, /2, = n (csc (%%)) g/ A . (2.1)



(a). Inductive grid (fat slot array) in free space.

O —0
Zo 1Xe Zg
o- -0

(h). Transmission line model showing shunt impedance.

Figure 2.1. An inductive grid and its grid theory transmission line

model.



for the case t << a << g << X where 7, is the impedance of free space.
Typically, these restrictions are relaxed and Equation (2.1) is used
over very broad regions. Using these results, the grid transmittance
and reflectance are given by

2
T=1-r=_%X/75) (2.2)
1+4(x0/zo)2

In addition to the inductive grid of Figure 2.1(a), Ulrich also
defines the complement of this surface as a capacitive grid (PST fat
dipole elements), an example of which is shown in Figure 2.2(a). This
surface is the electrical dual of that in Figure 2.1(a). The utility of
these models is easily seen since multiple arrays may be modelled by
series connected transmission lines of suitable impedance with
appropriately placed shunt impedances. Unfortunately, these simple
models do not adequately describe the arrays in their resonance region
where they exhibit their most interesting characteristics. In addition,
the Ulrich theory using more advanced or complicated models [2,3] can
not adequately treat problems of grating Tobes, off-axis effects and the
effects of mutual coupling for arrays on thin substrates. Finally, grid
theory has problems predicting the properties of skewed arrays which are
sometimes useful, For these reasons it was decided to use periodic
surface theory (PST) which is based on the radiation properties of
conducting elements in (possibly) sandwiched dielectric media.

It should be pointed out that even with all these deficiencies,

grid theory has been used with fair success. Most applications have
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(a). Capacitive grid (fat dipole array) in free space.
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(b). Transmission line model with shunt admittance.

Figure 2.2. A capacitive grid and its grid theory transmission line

model.



used the grids as partial reflector/transmitters in Fabry-Perot etalon
[16] arrangements well below array resonance. Ulrich, et al., T17] have
Qsed grid etalons for tunable far-infrared laser output couplers and
Muehlner and Weiss [18] have used similar etalon arrangements for
far-infrared sky temperature measurements. In addition, several recent
papers have been published concerning the use of grids in the near-
millimeter to far-infrared regimes. Whitcomb and Keene [197 have built
low-pass filters for sub-millimeter astronomy and Timusk and Richards
[20] have built bandpass filters to operate in the near-millimeter
range. Finally, Tomaselli, et al., 217 have constructed filters with
bandpass characteristics for the far-infrared. The latter two articles
[20,21] are interesting since they form relatively high-Q resonant
structures by overlaying inductive and capacitive grids to form
crossed-dipoles and crossed-slots. For more complicated surfaces such
as these, the equivalent circuit for the surface impedance is typically
a resonant tank consisting of a series/parallel combination of a
capacitor and an inductor. In addition, if any metal loss is to be
modelled, a resistance may be added to the tank circuit. The model for
a capacitive cross grid (crossed-dipoles) is shown in Figure 2.3 along
with a relative transmission curve. Note that this model is still only

useful in the non-diffraction region, g > X and normal incidence.
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(c). Relative transmission curve.

Figure 2,3. A capacitive cross grid and its grid theory transmission

line model.
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B. PERIODIC SURFACE THEORY (PST)

The analysis of infinite arrays via PST begins with the assumption
that an array in an infinite, homogeneous, lossless medium is
illuminated by a plane wave propagating in an arbitrary but specified
direction. The Tossless medium condition is imposed to insure a uniform
incident field in the plane of the array. This condition is removed by
the introduction of stratified media, in which case the only requirement
is incidence from a lossless halfspace. Typically, the analysis is done
for metallic elements (dipoles, etc.) with the solution for slot
elements obtained via duality [22]. Thus, we write the incident

electric field as

(R = F o IRS (2.3)

where S is the unit vector in the direction of plane wave propagation

and is given by
S = xSx + ySy + zSZ . (2.4)

It is further assumed that the array elements are located in the plane
y=0 with the reference element at the origin as shown in Figure 2.4. As
a consequence of Floquet's theorem and the regular array structure, the
current distribution on each element is identical to all the other
elements except for a Tinear phase shift which matches that of the
incident plane wave. Thus, assuming linear elements, the current on

element (q,m) at x=qDy and z=mD,+qA, is simply

12



A
Z L
[} o
<-Dx->0 ®
¢ °
® [ ]
o=——(D
®
T‘
D, ° sz-o-qAZ
L
[ ]
A
= X
r
Y
V4
/(// X
~¢ r= /Y2+(qDyx-X)2+(mD,+qAZ -2 )2

Figure 2.4. Periodic array of linear elements in a skewed grid

geometry. The reference element is at the coordinate

origin [23].

13



Iqm(g) = I(Q)Q'jssx(qnx)e‘jBsz(sz+qu) . (2.5)

To find the field of this array, we first find the field of an array of

Hertzian dipoles with current I, length dp, and orientation 5 having the

same grid structure, i.e.,

A -jB8S D -jBS D, +q A
T =pIdpeJ3x(QX)eJBz(mzCIz)

qm . (2.6)

Using Plane Wave Spectrum (PWS) techniques developed in [91, Kornbau
[23] has shown that the vector potential from such an array of Hertzian

dipoles is given by:

A

| -jBRrs
FE) = p e 1T S (2:7)
= p —‘__"_""' -_— >
ZJBDxDz k n hy
where
ry = xr yry *ozr, (2.8)
and
A, A
r. =S, +k2X -nZZ
X X Dy DyD; (2.9)
= A
r. SZ +n 0

14



In Equation (2.8), the “+" is used in the region y > 0 and the "-" for

y < 0. The resulting electric field is given by [24]

7 ~jfRers
df(ﬁ-) =1 dp .__.c_._ 2 2 e___._._ E+ s
MyDz K n ry B
where
e, = [pxr,] x r,

~ A

[(ryop)r, = p]

and Z. in the medium characateristic impedance given by

ZC = V]J/E .

Equation (2.10) is specialized for the reference element at the
however, it is pointed out [25] that moving the reference to R'

the field point R in Equation (2.10) to (R-R') yielding

. e-JB( -R"')ers
dE(R) =1 dp __C y ) e .
20,07 K n Ty :

In Equation (2.13) the "+" on r, is used for y > y' and the "-"

y <y'.
Finding the field of an array of elements is now a routine

of integrating Equation (2.13) over the 1imits of the reference

(2.10)

(2.11)

(2.12)

origin;

moves

(2.13)

for

matter

element.

This process is usually simplified by defining coordinates which are

local to the element. For a linear element (i.e., a straight,
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one-dimensional current source), identified as element (1) via

superscripts, a convenient choice is

poarD sy ) ()

where "a(1)" and "b(1)" are the endpoints of the reference elements in
local coordinates and R(1) is a reference point in global coordinates on
the reference element. The resulting field of this array of linear

elements is

. -i8(R-R(1)) ery (1) ~(1)
Mgy 2 (b i8pp ' ers
(2.15)

For reasons which will become obvious, this is usually recast in the

following form

-jB(R-R(l))-;i

E‘(l)(R‘) = I(R_(l)) Zc X z e .6_4(_1) p(l) (2.16)
ZDXDZ k n ry -
where
h(1) (1), 7
p(1) _ 1 i 1D gy I8P Tere (2.17)

I(l)(ﬁ‘(l)) a(l)

is called the array element pattern factor or simply the pattern factor.
Note that this pattern factor should not be confused with the pattern
factor for an isolated element even though the two are quite similar

[25].
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Several important results may be drawn from Equations (2.16) and
(2.17). The most important observation is that the scattered field from
the array may be considered to consist of a doubly infinite sum of plane
waves. Depending on ry (Equation (2.9)), the plane waves either
propagate (ry real) or are evanescent (ry imaginary) in nature.
Normally, only the principal rays (i.e., r evaluated for k=0=n) are
propagating and represent the directly transmitted and reflected fields.
Note that only propagating waves yield real energy transfer, whereas the
evanescent waves represent stored energy near the array. Later, when
transmittance and reflectance coefficients are calculated, they will
involve only the k=0=n terms. Higher order modes which become
propagating are termed grating lobes and typically represent
uncontrolled energy loss [34]. Thus one of the chief concerns in the
design of periodic surfaces is the prevention of grating lobes.

The problem in using the preceding analysis is that the element
currents on a periodic surface are unknown and must bhe determined as
part of the filter charécterization. A solution is obtained by
expanding the current on each reference element in some basis set
(called current modes) as in Harrington's moment method [26]. A
similar method based on Rumsey's reaction formulation [27] has been used
by Richmond [28] to model the scattering by thin wire structures. A
requirement of all these formulations is a knowledge of the voltage

induced in an antenna element due to an incident field.
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It is now asumed that a linear antenna element with orientation

~(2) (2)

p when excited at position R supports a transmitting current

distribution I(z)t(p). If this element is subjected to an incident
plane wave identical in form to Equation (2.3), it has been shown
[29,30] that a voltage

i b2 38[R(2)4p(2)p]s

v(r(2)y = g1.5(2) 12t (e dp

(2.18)

will be induced at the temrinals at position R(2), Equation (2.18) may
be rewritten as

v(2) (®(2)y _ 5(2) g 7(2)y p(2)t (2.19)

2)
. A(?_) A
o3BT esp g (2.20)

which is quite similar to Equation (2.17) except for the exponent sign
change. Equation (2.20) is also referred to as a pattern factor but
again should not be confused with the normal pattern factor of an
isolated element. The analysis now proceeds by allowing the scattered
field from elements #1 to illuminate linear antenna element #2. This
produces a terminal voltage in element #2 due to the currents in array

#1. If we find the ratio of this terminal voltage to the terminal
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current in array #l, then we define a quantity called the mutual

impedance which is given by [29,31]

221 = - v(2) ?(2))

e yqe” T @) (0,250 (2.21)
k n

It is important to point out that P(1) should be evaluated for the
current distribution which is actually on the array elements when
excited by the incident field. This is usually called the scattering
current distribution which is typically modelled using the receiving
current distribution. For this reason P(1) is often times called the
receiving pattern factor. Note that element #2 is typically the
reference element of another array, and that this process can be
extended to any number of elements.

Thus, just as in Richmond's thin wire formulation, PST finds the
scattered fields of elements by modelling the element currents with
linear current modes (different distributions for receiving and
transmitting). The next step involves forming the square impedance
matrix which relates the terminal input current of each array mode to
the terminal voltage of all the reference element modes (this includes
the so called self-impedances). Next, the actual terminal voltages due
to the incident field are found via Equations (2.19) and (2.20). Thus

we have the system of equations,
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V@ g2y | o] 2t g2 72N 1(2)(x(2)y (2.22)

where the unknowns are the mode current amplitudes. This system of
equations is then inverted to yield the mode amplitudes. Finally,
Equation (2.16) is used to find the scattered fields using the receiving
distribution for each mode with the proper mode amplitude. Note that if
there are any equivalent impedances to account for loaded elements [32,
33] or ohmic Toss [33] (Appendix D), they should be added to the self-
impedance terms before the impedance matrix is inverted. It should also
be pointed out that any such load impedances should be' calculated using
the receiving current mode distribution since it is this mode which will
be used to find the scattered fields.

A comment concerning evaluation of Equation (2.21) for the self
impedances (diagonal matrix terms) should be made. For these terms,
it would seem that we should let the exponent (R(2)-R(1)) vanish;
however, this has been found to yield invalid results. The problem
arises due to modelling the element current distributions with filament
currents which have zero radii. Better results have been obtained using

the concept of equivalent wire radius by allowing the transmitting and

receiving modes to be displaced laterally (i.e., in the ; or z
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directions) by such a radius. 1In past microwave regime calculations in
which the conductors have been very thin, an equivalent radius of 1/4,
the element width has been used satisfactorily. For the optical
elements to be shown the thickness to width ratios are commonly 1:3 or
greater and thus a better wire radius model is required. Such a model
was obtained from the Microwave Engineers Handbook and Buyer's Guide
[37] and is given in Figure 2.5.

The last major portion of PST is a modification of the preceeding
formulas to account for the presence of stratified dielectric Tayers.
This is a very important modification since dielectric layers are always
used to support metallic elements and are usually found with slot
elements. Furthermore, the proper design of the layers (i.e.,
dielectric constants and thicknesses) has been found to have a
stabilizing effect on surface bandwidth characteristics [34,35]. The
utility of the PWS technique is apparent in that the effect of
stratified dielectric layers can be handled using simple Fresnel
reflection coefficients. The cumulative effect of multiple dielectric
layers, including multiple internal reflections is embodied in a
quantity called the "T" factor (or Transformation function) the
derivation of which is straightforward but nontrivial [36]. For this
reason, the form of the T factor will not be rederived here.

A major property of the T factor is that it is polarization
sensitive and just as with reflection and transmission coefficients, it
is typically broken up into two parts; one for orthogonal polarization

and the other for parallel polarization. Here, orthogonal and
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parallel are defined with respect to the plane of incidence. In
addition it should be pointed out that these surfaces will in general
depolarize the incident fields producing cross-polarized scattered
components. For this reason, we usually introduce scattering matrices

for the reflected and transmitted fields which are defined as

r r r i
J.E I J.SJ. LSII J_E ‘
= | | (2.23)
-r r r i
iE 1151 S iE
and
N N t || i
LE l LSJ. S LE ‘
- (2.24)
"Et "St st l e
i

The elements of these scattering matrices are complex-valued since they
must account for magnitude as well as phase information. The phase
reference point is usually taken to be the coordinate origin. Note that
the main diagonal elements of the scattering matrices by assumption
contain terms which account for the directly transmitted and reflected
fields (independent of any periodic arrays).

Using these scattering matrix elements, the calculated
transmittance (and reflectance) can now be defined. The percent
transmittance is defined as the ratio of transmitted power to incident

power times 100 or
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T, = 100 | Tout™] | (2.25)
0 Lin _

Assuming the output and input media are identical this can be rewritten

as

|7 _t,2 t,2
=100 | JUETL * 4E ] (2.26)

: 2 i 2
ET o+ L ET

T

%
n

I
I_ _
Since our ultimate goal is a comparison with measured data, it is
assumed that there is equal energy in the two incident polarizations due
to the nature of the measurement radiation source used (Appendix B). In
addition, it is assumed that the two polarizations are uncorrelated so
that any cross product terms resulting in interference effects are
negligible. With these assumptions, the transmittance can be written as
|7 .2 t 2 2 2
| Sil + [uSul + 1aSel + Syl (2.27)
2 |

l

T, = 100 |
|

and similarly the reflectance as

T, = 100

2 2 2 v ’
7 15517+ st + st o+ st l , (2.28)

2
I_ _l

In Ulrich's grid theory, the effects of metal loss can be accounted
for by the inclusion of a series of parallel loss resistance (see Figure

3(b)). Even though this resistance is usually very small, its effects
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may become quite noticeable since it tends to limit the filter insertion
Toss at.resonance for bandstop designs. Unfortunately, this resistance
'cannot be readily calculated and must be determined empirically from
measured data and curve fitting techniques. As mentioned before in PST
the effects of metal loss can be modelled analytically using effective
resistances which are included in the self impedance terms. A
perturbation method for doing this was developed by Munk [38] for the
case of small losses in metallic elements such as dipoles. This
technique is reviewed in Appendix D with enhancements for elements on
lossy substrates. In addition, techniques for modelling loss effects in
slot arrays are presented.

It should be pointed out that the PST techniques for modelling
metal loss require a knowledge of the metal surface resistance, Rg; if
the metal has reasonably good conductivity (i.e., small skin depth) the
surface resistance can be modelled with knowledge of reflectance data at
normal incidence. Reflectance data of this type is presented in
Appendix E for several metals in the near infrared regime. At normal
incidence, the reflectance, R, of a good conductor is

- 2
l

Rs~Zo l | (2.29)

R = 100 > 9
Rs*Zo ‘

where Z, is the impedance of free space (~377 ohms). Solving Equation

(2.29) for Rg yields
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!
1-vR7100 (2.30)
1+/R/100 ‘

where the negative principal square root has been used since a surface
with 100% reflectance has zero surface resistance. Calculated
transmittance data is included in Chapter V showing the effects of metal

loss on periodic surface performance.



CHAPTER III

SIMPLIFIED SURFACE NESIGN AND CONSTRUCTION

Due to the many uncertainties in the construction of the
mid-infrared periodic surface elements, it was decided to forego any
detailed preliminary designs for this initial study. Instead, rather
simple surfaces encompassing dipoles, tripoles and crossed-dipoles (and
their complementary slots) were designed according to first order
theory. Thus, the actual procedure of theory, construction and

measurement consisted of the following six part process:

1. Selection of resonant frequencies (wavelengths)

2. First order design dimensions

3. Construction of the surfaces

4, Measurement of filter characteristics

5. SEM photographs to obtain actual element dimensions

6, Calculation of filter characteristics.

The selection of desired resonant frequencies was somewhat arbitary but
constrained by substrate effects and construction techniques. 0Once

calcium fluoride (CaF2) was selected as the substrate material (see
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Appendix C) a lower frequency limit of about 1000 cm=! was set due to
dielectric resonance absorption. Construction techniques limited the
smallest elements which could be built., When coupled with the index of
CaFg, element size placed a high frequency limit at approximately

2000 cm=l, Within this region the rather arbitrary frequencies of

1100 cm=1 (9 wm) and 1400 cm=l (7 um) were chosen. These frequencies
were felt to be sufficiently far enough apart to see appreciab]exfi1ter
effect differences but not so far that both response regions could not
be viewed on one data plot. Actually, the 1100 em-1 resonance Tocation
was chosen to be near the CaFs infrared absorption edge (Apendix C) so
that these effects could be studied. These data should thus allow the
validation of previous computer codes which could account for dielectric
loss but had not been tested against measured data. On the other hand,
the 1400 c¢m-1 resonance is far enough from the ahsorption edge that the
substrates can be considered lossless for the 1 mm flats which were
used.

The desired surfaces are to bhe resonant at some free-space
wavelength Ay (either 7 um or 9 um). According to Munk, et al [39], the
resonant frequency (but not bandwidth) of a single array of elements is
a perturbation of the resonance of an isolated element. Thﬁs, to first
order we shall consider an isolated element in the design of these
surfaces. For elements such as dipoles, tripoles and crossed-dipoles,

the designs become particularly easy.
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The first resonance of a crossed-dipole (or simple dipole), as

shown in Figure 3.1, is given by

L

A
=~ (),b 0
(o)

D eff

and for a tripole by

L

~ 0.55 (_20) X

T Neff

(3.1)

(3.2)

In Equations (3.1) and (3.2), Naff is the effective index of refraction

"seen" by the elements and is given by
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Figure 3.1. Shapes and critical dimensions.



€
N .. = 172 , (3.3)

where € and €, are the relative permittivities of the media on each

side of the array. Using an approximate value of 1.3 for the index of
CaF2 (nominal 10 um value) we obtain the dimeﬁsions in Table 3.1,

Using the values in Table 3.1 as guidelines, attempts were made
with the aid of the National Research and Resource Facility for
Submicron Structures (NRRFSS) to construct patches of these elements on
CaF2. The principles of construction and terminology are explained in

Appendix A. Two trips were made to the NRRFSS with patches

TABLE 3.1

CRITICAL DIMENSIONS FOR CROSSED~-DIPOLES AND TRIPOLES
ON CALCIUM FLUORIDE NEAR 10 um

m) [ Lylam) | Ly ()
7 3.0 3.3
9 3.9 4.3
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placed on six substrates during each trip. To maintain reasonable
E-beam exposure time, the Tlargest patch was limited to a 3mm x 3mm area,
resulting in an average exposure time of approximately 70 minutes. Due
to this small patch size and the 25 mm diameter of the substrates,
typically two or more patches were placed on each substrate. Usually, a
patch of nominal 9 um resonant elements and a patch of nominal 7 um
resonant elements were placed on the same substrate. For the sake of
brevity, the elements designed to be resonant at a 9 um wavelength have
been referred to as long as compared to the elements designed to be
resonant at 7 um which are referred to as short. Thus, the distinctions
long tripoles or short crossed-slots.

For the first set of substrates, the chosen element shapes were
tripoles and crossed-dipoles. The initial designs called for the
tripoles to be in a skewed grid geometry having 120° symmetry. Thus,
the top grid angle (TGA) defined by Kornbau [40] was to be 60° and all
leg angles were to be 120° as shown in Figure 3.2. However, it was
found that for the EBMF (see Appendix A) unit used, the preferred
drawing directions were for horizontal lines, vertical 1iﬁes and lines
having a 2:1 slope (or 1:2 slope). Using the 2:1 slopes resulted in leg
angles of 117° rather than 120° which was felt to be sufficiently
accurate for these initial studies. Typically, surface patches were put
down in pairs of similar long and short elements (i.e., only factors
affecting element length would change). Thus, a given substrate might

have a 3mm x 3mm patch of short tripoles and a 3mm x 3mm patch of long
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tripoles. For such a pair of similar patches, the factors defining the
array sbacing (Dx,Dz,4;) were held constant as were the»e]ement leg
angles (measured from the x-axis in the direction of the z-axis). Since
the elements are on the same substrate, the metal thicknesses and type
of metal are essentially identical.

The results of the first NRRFSS trip are summarized in Table 3.2.
This set of substrates yielded a total of five patches which were of
sufficient quality to obhtain measured data. These patches were the
short tripoles on substrate #1 and all four patches on substrate #b.
This trip was a very successful learning experience especially
concerning the construction techniques. Two points about this should be
quickly made. The first is that wet etching is totally unacceptahle for
forming elements useful in the mid-infared (see Appendix A), as
evidenced by substrates #2 through #4. The second point is that when
using the liftoff technique, it is better to slightly overdevelop the
resist than to underdevelop. If the resist is underdeveloped, then
poor adhesion may occur during metallization resulting in elements which
partially break free from the substrate. This caused the appearance of
the small tripoles on substrate #6 as illustrated in Figure 3.3(h).
These may be compared to the small tripoles on substrate #5 (Figure
3.3(a)) which turned out very well.

During the second trip to the NRRFSS, the only elements constructed
were straight dipoles and straight sTots. The reasons for this were

two-fold. First of all the construction techniques for straight dipoles
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(a). Substrate #5. Results of 1liftoff with good development.
(M = 1290).

Figure 3.3. Optical micro~-photographs of liftoff results.
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(b). Substrate #6. Results of resist underdevelopment.
(M =~ 1290),

Figure 3.3. (Continued).
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are much simpler than for three or four legged elements. This resulted
in a considerable reduction of E-beam exposure time, which due to
equipment problems was at a premium. The second reason is that during
the computer analysis stage, only one current mode is required to model
dipoles resulting in a 1lx1 impedance matrix. For a tripole array
requiring two independent current modes, the impedance matrix is of
dimension 2x2. Since generation of the impedance matrix elements has
been found to be the most time consuming portion of PST analysis, the
resulting computer time savings are obvious.

The results of the second NRRFSS trip are summarized in Tabhle 3.3.
It was decided that on this trip, each substrate would have three
patches exposed. The first two patches were to bhe dipoles formed using
a fairly narrow electron beam. One patch was to be long dipoles and the
other short dipoles. The third patch was to be short dipoles having a
much greater element width. The purpose was to study the effect of
element width on filter bandwidth. These latter elements will
henceforth be referred to as "fat" as compared to the prior two patch
elements which are referred to as "narrow". A fourth patch of long fat
dipoles would have been desirable but was eliminated as an E-beam time
saving measure.

Two different technigues were tried as a means of forming the fat
elements. The first technique relied on slowing the clock speed on the
E-beam deflection electronics to slow the writing speed. This was done
while keeping the beam current the same as for the narrow elements.

Since the beam current was fixed, the heam spot sizes for all these
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elements were identical and only the exposure (typically expressed in
Cou]ombé/cmz) was increased. This was tried on substrate #7 with
disappointing results since little appreciable differences in element
widths were observed. The second technique tried proved quite
successful and was used on substrates #8 through #12. 1In this
technique, the fat elements were obtained by doubiing the clock speed
while quadrupling the beam current. Note that this effectively doubles
the exposure. It should be further noted that it is not the change in
exposure which caused the elements to be fatter but a larger E-beam spot
size due to space charge effects. This effect is explained in greater
detail in Appendix A.

Substrates #8 through #12 were exposed using nearly identical ERMF
parameters so as to obtain nearly identical element dimensions. For
metallic elements (both aluminum and chrgme) excellent results were
obtained for all metal thicknesses. The slot elements on substrates #8
and #9 are acceptable but some line growth has been observed. The
results for the multi-level resist technique are probably satisfactory
for this initial study but future work using reactive ion etching (RIE)
should be better.

The Tast element parameter which was varied was the metal
thickness. For substrate #11, an aluminum thickness of 0.0360 microns
was obtained. This was chosen to be only slightly greater than a skin
depth (see Appendix E) for aluminum at wavelengths near the array

resonances. A slot array for such a metal thickness would have been
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desirable, but was not obtained due to time limitations. Such a slot

array could have been used to check Tow frequency filter rejection.
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CHAPTER IV

MEASURED TRANSMITTANCE DATA AND SEM PHOTOGRAPHS

In this chapter, measured transmittance data and SEM photographs
are presented for all of the good filter patches discussed in the
previous chapter. These include the small tripole patch on substrate #1
and all patches on substrate #5 and on substrates #7 through #12. The
sets of data will be generally grouped into metallic elements and slot
elements. Within these groups, the data will be presented on a
substrate by substrate bases. The only exception to this rule is
substrate #5 which is futher divided into tripole and crossed-dipole
data sets. Within these groups, the data will be organized as a set of
SEM photographs of similar element patches followed by a plot of the
measured transmittance of those patches. The SEM photographs were taken
with near normal viewing angle and as such, the contrast is not very
high., Tilting the substrates would have improved the contrast and
element visibility hut wou1d have distorted the element dimensions.
Included on each data plot is a measured response of unmodified CaF2 for

reference purposes. It should also be pointed out that along with each
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SEM photograph of the metal elements, two sets of numeric data are
presented. The first set of array data was obtained from the EBMF input
data and is considered very accurate. DX and DZ are the PST grid
spacings and DDZ is the grid skewing factor. The X and Z offset values
are somewhat meangingless here but are used to describe array shifting
when there is more than one set of elements to a given filter. Since
the values (DX, DZ and DDZ) are considered very accurate due to careful
adjustment of the EBMF, they were actually used to calibrate the
dimensions on the SEM photographs. Once calibrated, the SEM photographs
were used to obtain the actual element dimensions of leg length and
width. The leg angles are given in degrees from the x-axis in the
z-axis direction and were also obtained from the EBMF input data. The
element or metal thickness values were obtained by carefully monitoring
the metallization process.

A11 the transmittance data with one exception were obtained using
the high f# measured system described in Appendix D. The exception is
the high resolution data of Figure 4.9 which is included to illustrate
the etalon behavior of the CaF2 substrates. (For the sake of
convenience, all figures for Chapter IV will be grouped together at the
end of the chapter). The high resolution data were taken with the low
f# system using a resolution of approximately 0.031 cm-1 after which.
sixteen data points were avefaged yielding a plotted resolution of 0.482
cm=l. This is adequate to see the approximate 3.1 em-1 ripple in Figure

4.9, Using the high f# system, data were taken using a resolution of
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0.964 cm-1 of which eight points were averaged to yield a plotted
resolution of 7.71 cm=l. The averaging was done to lower the data noise
level and thus improve the data appearance. As a last word about the
data collection procedure, it should be stated that all the measured
responses are for normal incidence. Note that the incidence 1is not
truly normal since a convergent optical beam is used in the measurement
system which has a finite beam average angle as explained in Appendix D.
Also note that the use of a convergent optical beam will partially
destroy the coherence of the multiply reflected beams within the
substrate. This partial Toss of coherence is pointed out since it has
probably lowered the ripple amplitude seen in Figure 4.9 and this effect
will be important in the presentation of the calculated data.

The SEM photograph of the short tripoles on substrate #1 is
presented in Figure 4.1, As stated before, the long tripoles on this
substrate were destroyed because of improper liftoff. As a result, only
one curve is displayed in Figure 4.2 in addition to the CaF2
transmittance curve. The filter effect seen in Figure 4.2 is quite
pronounced with a null depth of about 10.8 dB. This is fairly typical
of all the crossed-dipole and tripole arrays which have null depths
between 9 dB and 11 dB. 1In addition, the resonance location is at
approximately 8.4 microns rather than 7.0 microns as desired. This is
also fairly typical of the short crossed-dipoles and short tripoles in
that the resonance locations occur at slightly longer wavelengths than

predicted by first order theory. However, the converse is found to be
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true for the long crossed-dipoles and long tripoles. For these
elements, the resonance locations occur at slightly shorter wavelengths
than the desired 9.0 microns. The reasons for these occurances can he
partially explained since the element dimensions differ slightly from
those in Table 3.1. Since we were not trying to design for precise
resonance locations, this is not viewed as a severe problem.

An interesting feature in the data from the first set of substrates
(corresponding to those in Table 3.2) is the bandwidth effect which can
be seen by comparing Figures 4.5 and 4.8. It has heen pointed out [41]
that the bandwidth of a periodic surface is roughly proportional to
the inverse product of Dy and D,. Thus, spreading the array out narrows
the filter response and vice versa. FEven though the element types
change considerably between Figures 4.5 and 4.8, (i.e., tripoles and
crossed-dipoles) it is felt that these data also support the
bandwidth-spacing dependence.

A last interesting feature of the data from the first set of
substrates is the appearance of small nulls which may be attributed to
second order resonances. In Figure 4.2, such a null may be seen at
approximately 2250 em-1 for the short chrome-gold tripoles on substrate
#1, Similar nulls can be seen in Figure 4.5 for the aluminum tripoles
on substrate #5. Note that the second resonances do not occur at twice
the first resonance frequency. This can be attributed to the
dispersive nature of the CaFp with an index of refraction which is

slightly increasing with frequency (see Appendix C) with a resulting
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drop in the second resonance frequency. Interestingly enough, the
second resonance nulls are not seen in Figure 4.8 for the suhstrate #5,
crossed-dipole data. At this time, there is no apparent reason for this
discrepancy in the crossed-dipole data since the second resonance effect
is also seen for the straight dipoles which will now be discussed.

For reasons discussed in Chapter III, it was decided that during
the second trip to the NRRFSS only dipole or straight slot elements
would be constructed. It was anticipated that such elements when
measured would show only a 3 dB null for dipoles and a minimum 3 dB
insertion loss for straight slots. The reason is that straight elements
can only intercept one polarization in our randomly polarized
measurement system or one half of the total power. To improve this,
attempts were made to build a simple, straight line array polarizer
which would have improved the measurement dynamic range. Unfortunately,
all attempts at this failed. With the resulting limitations in mind,
the last set of substrates will be discussed.

On substrates #7 through #12, three sets of elements (three f%]ter
patches) were constructed. In addition to the Tlong and short elements
on the previous set, a patch was added which was to have had a fatter
Tine width. Thus, the added distinctions of fat or narrow to describe
the element shapes. In Figures 4.10 - 4,12 are shown respectively, the
short fat dipoles, long narrow dipoles and short narrow dipoles on
substrate #7. The technique of using a slower writing speed to create

the fat elements did not work too well. For this reason, the width was
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increased on later elements by using a higher beam current. To save
time on later substrates, the exposure technique was changed quite a
bit. As a result, the data on substrate #7 cannot be'easi1y compared to
later substrates. Nonetheless, good transmittance measurements were
obtained on this substrate and are presented in Figure 4.13. It is
interesting to point out that even though 1little difference can he seen
in the widths of the short elements, there are obvious differences in
bandwidths. As expected, the fatter dipoles show a more hroadband
filter characteristic. On Figure 4.13, also note that second resonance
effects are visible as mentioned previously.

On substrates #8 through #12, the exposure and development
parameters were identical to within practical Timits. Data on the
dipole elements is shown in Figures 4.14 through 4.25. From the SEM
photographs, it can be seen that the difference in widths between the
narrow and fat elements is significant (almost a factor of two). In
addition, note that the fat elements are slightly Tonger than the
corresponding short elements due to the larger E-beam radius. No
attempt was made to keep the "short" dipoles the same length. From
Figure 4.17 it can again be seen that the dipole elements behave as
expected. The bandwidth of the fat element is again greater than for
the narrow elements as in Figure 4.13 for substrate #7. However, in
Figure 4.17, the fat elements in addition to having a greater bandwidth
also have a slightly higher resonant frequency. This is consistent with
data on substrates #9 through #12 but is opposite to that on substrate

#7 with regard to the center frequency for the short element resonances.
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More interesting comparisons occur between substrates #10 and #11.
The major difference between these substrates js the thickness of the
aluminum layer used. On substrate #10, the aluminum was chosen to be
0.140 microns thick which is approximately 6 skin depths (see Appendix
E). On substrate #11, only 0.036 microns of aluminum were used. This
latter thickness is approximately 1.5 skin depths. The interesting fact
is that the performance of the two sets of filters is almost identical
except the thinner elements (substrate #11) all resonate at a lower
frequency than do the thicker elements (substrate #10). Observations of
Figures 4.17 and 4.21 show that the null depths are quite comparable,
however, the system dynamic range is probably insufficient to see much
difference. The use of a polarizer would probably have yielded better
data for this comparison. Two dimensional elements intercepting both
polarizations would also have been better.

Similar comparisons can be drawn between substrates #10 and #12.
Here, the only difference is the type of metal used. It was hoped that
the chrome on substrate #12 would be much lossier than the aluminum on
substrate #10. Expected results for lossy materials would be lessened
resonant characteristics. Thus it was hoped that the chrome dipoles
would not show as great an insertion loss at resonance as the aluminum
dipoles. HoweQer, this conclusion can not be reached by comparison of
the data in Figures 4.17 and 4.25. Again, the use of a polarizer or two

dimensional elements would have yielded better data for comparison.
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A major accomplishment of the second NRRFSS visit was the
construction of the slot arays on substrates #8 and #9. The identical
exposure-development process was used on these substrates as was used on
substrates #10, #11 and #12 in construction of the dipole arrays. The
multi-level resist process developed at the NRRFSS and explained in
Appendix A was used to build the slots as opposed to the Tiftoff process
for the dipoles. By comparing the SEM photographs in Figures 4.26
through 4.32 with those in Figures 4.14 through 4.24, it can he seen
that some line growth has resulted. Thus, the slot elements are larger
than their dipole counterparts. It is believed that reactive ion
etching (RIE, see Appendix A) could have produced better elements but
this technique was not availabale.

The slot arrays were again measured in transm{ttance using the high
f# measurement system. The results for substrate #8 (slots in chrome)
are presented in Figure 4.29. The results for subhstrate #9 (slots in
aluminum) are presented in Figure 4.33. In these figures it can again
be seen that the fat elements have a broader bandpass than the narrow
elements, as expected. In addition, the fat elements resonate at a
slightly higher frequency as was observed in the data for substrates
#10, #11 and #12. The two different metals were again used to hopefully
study metal loss effects; however, the two sets of data are again almost
identical. The only major difference appears to he a greater
transmittance for the long slots in aluminum than for the long slots in

chrome. Since the aluminum covered substrate was broken near the long
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slot patch prior to the measurement, this increase is probably due to

leakage around the patch and not through it.
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RARRAY DATA

0.00
0.00

X OFFSET
Z OFFSET
DX = 2.8680
DZ = 3.120
DDZ= 1.560

i

ELEMENT DATA

LEG = ANGLE LENGTH
1 90.000 1.800
2 206.570 1.660
3 333.430 1.600

Figure 4.1.

WIDTH
0.340
0.250
0.250

THICKNESS
0.100
0.100
0.100

SEM photograph of short chrome-gold tripoles on substrate

#1. FEBMF input array data and measured element data.
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Figure 4.2. Measured transmittance data for substrate #l.




ARRAY DATA

0.00
0.00

X OFFSET
Z OFFSET
DX = 2.640
DZ = 3.300
DDZ= 1.650

ELEMENT DATA

LEG = ANGLE LENGTH WIDTH THICKNESS
1 90.000 1.860 0.320 0.140
2 206.570 1.760 0.280 0.140
3 333.430 1.710 0.270 0.140

Figure 4.3. SEM photograph of short aluminum tripoles on substrate

#5. EBMF 1input array data and measured element data.
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ARRAY DATA

i

X OFFSET 0.00
Z OFFSET
DX 2.6U0
DZ 3.300

BDZ= 1.650 '

]
|
o
o
[}

ELEMENT OATA

LEG = ANGLE LENGTH WIDTH THICKNESS
1 : g90.000 2.100 0.290 0.140
2 2G6.570 2.130 0. 240 0. 140
3 333.430 2.100 0.240 0.140

Figure 4.4. SEM photograph of Tong aluminum tripoles on substrate

#5. EBMF input array data and measured element data.
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ARRAY DA

X OFFSET
Z OFFSET
BX = 4.500
Dz 4,500
0DZ= 0.000

ELEMENT

LEG =
1
2
3
Yy

TA

0.00
0.00

DATA

ANGLE
0.000
36. 000

180.000
270.000

LENGTH
1.370
1.430
1.370
1.430

WIDTH
0.350
0.350
0.350
0.350

THICKNESS
0. 140
0.140
0. 140
0.140

Figure 4.6. SEM photograph of short aluminum crossed dipoles on

substrate #5.

data.
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ARRAY DATA - -

0.00
0.00

X OFFSET
Z OFFSET
DX = U.500
DZ = 4,500
DDZ= 0.000

ELEMENT DATA

LEG = ANGLE LENGTH . WIDTH THICKNESS
1 0.000 1.690 0.310 - 0. 140
2 90.000 1.760 0.310 0.140
3 180.000 '1.690 0.310 0.140
U 270.000 1.760 0.310 0.140

Figure 4.7. SEM photograph of long aluminum crossed dipoles on

substrate #5. EBMF input array data and measured element

data.
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ARRAY DATA

X OFFSET 0.00
Z OFFSET = 0.00
DX = 2.500
DZ = 5.000
DDZ= 2.500

1l

ELEMENT DATAH

LEG = ANGLE LENGTH WIDTH THICKNESS
1 30.000 1.560 0.270 0.135
2 . 270.000 1.560 0.270 0.135

Figure 4.10. SEM photograph of short fat aluminum dipoles on
substrate #7. EBMF input array data and measured element

data.
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ARRAY DATA

0.00
0.00

X OFFSET
Z QFFSET
0X = 2.500
BZ = 5.000
DDZ= 2.500

ELEMENT DATA

LEG »  ANGLE LENGTH WIDTH THICKNESS
1 90.000 2.000 0.260 0.135
2 270.000 2.000 0.260 0.135

Figure 4.11. SEM photagraph of long narrow aluminum dipoles on

substrate #7. EBMF input array data and measured element

data.
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ARRAY DATA

0.00
0.00

X OFFSET
Z OFFSET
0X 2.500
DZ 5.000
DDZ= 2.500

i

#

ELEMENT DATA

LEG = ANGLE LENGTH WIDTH THICKNESS
1 30.000 1.520 0.260 0.135
2 270.000 1.520 0.260 0.135

Figure 4.12. SEM photograph of short narrow aluminum dipoles on

substrate #7. EBMF input array daia and measured element

data.
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Figure 4.13, Measured transmittance data for substrate #7.




ARRAY DATA

X OFFSET = 0.00

Z OFFSET = 0.00

DX = 2.500 .
bDZ = 5.000

0D0Z= 2.500

ELEMENT DATA

LEG = ANGLE LENGTH WIDTH THICKNESS
1 80.000 1.555 0.540 0.140
2 270.000 1.555 0.540 0.140

Figure 4.14. SEM photograph of short fat aluminum dipoles on

substrate #10. EBMF {input array data and measured element

data.
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ARRAY DATA

X OFFSET = 0.00
Z OFFSET = 0.00

DX = 2.500
DZ = 5.000
D0Z= 2.500

ELEMENT DATA

LEG = ANGLE LENGTH WIDTH THICKNESS
1 90.000 1.3805 0.290 0.140
2 270,000 1.805 0.290 0. 140

Figure 4.15, SEM photograph of long narrow aluminum dipoles on

substrate #10. EBMF input array data and measured element

data.
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ARRAY DATA

0.00
0.00

X OFFSET
Z OFFSET
DX 2.500
DZ 5.000
0DZ= 2.500

i

1

ELEMENT DATA

LEG = ANGLE LENGTH WIDTH THICKNESS
1 90.000 1.475 0.310 0.140
2 270.000 L.U475 0.3i0 0.140

Figure 4.16. SEM photograph of short narrow aluminum dipoles on

substrate #10. EBMF input array data and measured element

data.
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ARRAY DATA

X OFFSET
Z OFFSET
0X 2.500
DZ 5.000
DDZ= 2.500

0.00
0.00"°

ELEMENT DATH

LEG = ANGLE LENGTH WIDTH
1 g90.000 1.535 0.540
2 270.000 1.535 0.5U40

THICKNESS

Figure 4.18. SEM photograph of short fat aluminum dipoles on

substrate #11. EBMF input array data and measured element

data.
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ARRAY DATA .

0.00
0.00

X OFFSET
Z OFFSET
DX 2.500
DZ 5.000
DDZ= 2.500 ' .

ELEMENT DATA

LEG = ANGLE LENGTH WIDTH THICKNESS
I 80.000 1.925 0.230Q 0.036
2 270.000 1.925 0.290 0.036

Figure 4.19. SEM photograph of long narrow aluminum dipoles on

suhstrate #11. EBMF input array data and measured element

data.
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ARRAY DATA

X OFFSET 0.00

Z OFFSET = 0.00

DX 2.500 .
Dz 5.000

pDZ= 2.500

tl

ELEMENT DATA

LEG = ANGLE LENGTH WIDTH THICKNESS
1 90.000 1,485 0.320 0.026
2 270.000 L. ugs 0.320 0.036

Figure 4.20. SEM photograph of short narrow aluminum dipoles on

substrate #11. EBMF input array data and measured element

data.
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Figure 4.21. Measured transmittance data for substrate #11.




ARRAY DATA

X OFFSET 0.00 g
Z OFFSET = 0.00

DX 2.500

DZ = 5.000

DDZ= 2.500

I

ELEMENT DRTA

LEG = ANGLE LENGTH WIOTH THICKNESS
1 90.000 1.530 0.520 0.140
2 270.000 1.530 0.520 0. 14U

Figure 4.22. SEM photograph of short fat chrome dipoles on substrate

#12, EBMF input array data and measured element data.
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ARBRAY DATA

X OFFSET 0.00
Z OFFSET = 0.00
0X = 2.500
DZ = 5.000
bDZ= 2.500

ELEMENT DATA

LEG = ANGLE LENGTH WIDTH THICKNESS
1 390.000 1.945 0.300 0.140
2 270.000 l.8u5 G.300 Q.1ud

Figure 4.23. SEM photograph of long narrow chrome dipoles on substrate

#12. EBMF dinput array data and measured element data.
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ARRAY DATA

X OFFSET "= 0.00
Z OFFSET = Q.00
DX 2.500
DZ = 5.000
DDZ= 2.500

ELEMENT DATA

LEG = ANGLE LENGTH WIDTH THICKNESS
1 30.000 1.510 0.310 0. 140
2 270.000 1.5i0 0.310 0. 140

Figure 4.24, SEM photograph of short narrow chrome dipoles on substrate

#12, FEBMF input array data and measured element data.
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Figure 4.25.

------ Substrate #12, long narrow chrome dipoles on Calcium Fluoride.
.......... Substrate #12, short narrow chrome dipoles on Calcium Fluoride.

Measured transmittance data for substrate #12,



Figure 4.26. SEM photograph of substrate #8.

Short fat slots in chrome.
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Figure 4.27. SEM photograph of substrate #8.

Long narrow slots in chrome.
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Figure 4,28. SEM photograph of substrate #8.

Short narrow slots in chrome.
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Figure 4.29. Measured transmittance data for substrate #3.



Figure 4,30, SEM photograph of substrate #9.

Short fat stots in aluminum.
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Figure 4.31. SEM photograph of substrate #8.

Long narrow slots in aluminum,
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Figure 4.32. SEM photograph of suhstrate #9. Short narrow slots in

aluminum,
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Figure 4.33. Measured transmittance data for substrate #9.
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CHAPTER V

CALCULATION OF FILTER TRANSMITTANCE

Using the results of Periodic Surface Theory (PST) discussed in
Chapter III, many computer codes have been written to analyze the
performance of periodic arrays of resonant elements. Most of these
codes have been used to validate PST in the microwave region. Thus, the
results of this study represent an attempt to validate these theorijes at
frequencies nearly a thousand times higher than previously used. One
particular code was obtained [42] which was very convenient and
efficient for modelling three legged elements (i.e., tripoles). This
code was modified to handle general N-legged elements, where the leg
junctions have a common connection point. FExamples are dipoles (both
straight and bent), tripoles and crossed-dipoles. For elements of this
type, having N legs, the minimal complete set of modal currents must
have N-1 modes. The modes used in this code are shown in Figure 5.1 for
dipoles, tripoles and crossed-dipoles. In general, the Mth mode flows

from leg M to leg M+l as shown in Figure 5.1.
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LEG | LEG |
— ]
MODE | MODE 1|
LEG 2 LEG 2 LEG 3
LEG |
MODE |
LEG 2 | d | LEG 4
MODE 2 MOQODE 3
LEG 3

Figure 5.1, Computer code current modes for general dipoles, tripoles

and crossed-dipoles.
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The current modes used to model the element currents were the
piecewise sinusoids discussed in Appendix D. For the transmitting and
receiving modes respectﬁve]y, the sine and cosine mode were used. This
combination has been found to yield the best overall agreement with
measured results in previous studies [42,437. To model the effects of
charge buildup at the ends of the elements, the concept of effective
length was used [44] which can also be seen in Appendix D. Using these
modes and effective length, the currents are typically well modelled
until the mode length is about 0.7 Ap. Thus, these are Tow frequency
models. It should be pointed out that in the plots to follow the
calculations have been extended heyond this point. Note that these
current modes are basically filament currents. The use of effective
length also accounts for any width and thickness effects on the current
distribution. Width and thickness are also taken into account when
finding the effective wire radius which is used in calculation of the
self-impedance terms in the mutual impedance matrix.

A major feature of the selected code was the ability to account for
substrate or dielectric Toss. This is of prime importance for the CaF?
substrate in the frequency range of interest and is generally important
for most usable infrared materials. The model obtained in Appendix C
for CaF2 dielectric 1nss was added to the code. While this model is not
extremely accurate below 1000 cm'l, it is felt to he good enough for the
purposes of this study. The resulting calculated transmittance curves
for the CaF2 substrates (1 mm thick) are presented in almost all data

plots in this section and in Appendix C.
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Using the element and array dimensions presented with the SEM
photographs in the previous chapter, the transmittance characteristics
of the dipoles, tripole and crossed-dipole filters were modelled. It
was found that all the calculated resonance locations were lower in
frequency than those in the measured data. To partially account for
this, the element lengths were shortened by a proces called tip
correction. The tip correction was done to account for the rounded ends
on the elements cased by drawing with a round E-beam spot. This process
shortens the lengths of the round tip elements so that they will have
the same areas as elements with square tips. This is shown in Figure
5.2, where the tip corrected element length, %, is related to the
measured length and width (respectively, %y and wy) by
e = R =W (ﬂéﬂ) . (5.1)
The resulting transmission curves for all the metal element patches are
illustrated in Figures 5.3 through 5.10. Note that no mention is made
of any metal type in these figures since the model assumes the elements
to be perfectly conducting. ATl these plots with one exception were
obtained from calculated data in which the frequency sampling interval
was 50 cm=l. Due to the etalon behavior of the relatively thick
substrates as shown in Figure 5.4, this data is quite coarse and jumps
around a great deal due to the high frequency etalon ripple. In Figure
5.4, the frequency sampling interval is 0.35 cm=l which is 200 times

more dense than the other figures. The high resolution data for the
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long tripoles in Figure 5.4 is also repeated in Figure 5.5 as a set of
error bars at 1605 cm-1. Thus, to have obtained very accurate plots
which could be smoothed for comparison with the previous measured data
would have required excessive computer time. Instead, this data was
taken as is and used to estimate the resonance Tlocation using a linear
least mean square fit technique. Using this approach, the minimum
calculated transmittance point in the region from 1000 cm=1 to 1700 cm-1
was found and the nearest five calculated points (i.e., *100 em-1 from

the course minimum) in dB were fit to the quadratic

- 2, 5.2
Tag (Vi) = Ay + Apvy + vy e (5.2)

The resonant frequency, vyin, was then approximated as

v, =-M (5.3)
min 7Ry

The results of applying this process to the calculated data sets are
presented in Table 5.1 for both the non tip-corrected and tip-corrected
cases. In addition, the resonance locations for the measured data set
from Chapter IV are also presented in Table 5.1. For consistency and to
minimize noise effects, the measured resonance locations were found hy a
similar least mean square technique. For the measured data, all points
in the range of *100 em-1 from the minimum transmittance location were
included in the processing. This process was done on the smoothed data.
Along with each calculated resonant frequency is given a percentage

error figure e, defined as
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TABLE 5.1
COMPARISON OF MEASURED AND CALCULATED RESONANT FREQUENCIES

- P - - - A G e = e

1 i 1 ! L)
| Substrate | Patterns | Measured Resonant | Calculated Resonant | Calculated Resonant |
i {CaF2} 1 | Frequency (cm-1) | Frequency (cm-1) I Frequency {cm-1) |
I 1 | I {non-tip corrected) | (tip corrected) :
| } i i ]
| | crm|mremm——— c—mam———— cme|mmm e c e m e acaa e —————
| | 1 1 I |
| 1 | short tripoles 1 1341 1 1297 (-3.3X) I 1394 (-2.8%) :
| | | | I
[remcmncamcnen | aen e ———— mecacarmccca|vnmcccaaa mtcemcaneene | e————— cmmmem—m—na- [ U pam—
i | { | |
1 5 | short tripoles {1 1318 I 1262 (-4.3%X) 11278 (-3.8%) |
: | long tripoles I 1126 1 1182 (-2.1X) I 1188 {(-1.86%) i
i { 1 i |
] I short crossed-dipoles | 1355 1 1282 (-5.4X) ! 1298 (-4.2%) 1
| | long crossed-dipoles I 1164 I 1181 (-5.4%) 1 1115 (-4.2X) :
i | i ! I
|mreerccccrccn e e e m—;re——————— cnfoaccana [ R S Sy mmcvemn|mecccceccaccacae e ———
1 [ | i ( t
i 7 | short fat dipoles I 1378 { 1344 (-2.5X%) I 1348 (-2.2%) ]
| { long narrow dipoles I 1138 I 1831 {(-9.4X) worst I 1866 (-6.3X) worst i
: | short narrow dipoles I 1394 I 1349 (-3.2X} I 1353 (-2.9%) :
1 | I |
[mecmacccncaca | am— e c e ca——— ———————— cos| e cdmamscem—acecna|emcnmm cecmccesalemrecmeccam—ae PR ———
| 1 1 ! | 1
| 10 | short fat dipoles I 1452 I 1362 {-6.2X) I 1393 (-2.7%) {
} I long narrow dipoies I 1163 I 1188 (-5.4X%) I 1185 {(-4.8X) ]
i I short narrow dipoles I 1411 I 1344 (-4.8X) I 1392 (-1.4%) |
1 I | | ~ 1 I
|memmcncammecn ;e ca e mmem———————— e oemm—— cenermmcemama ] o————— ——————— [ P PP
| | | i I |
i 11 I short fat dipoles I 1487 I 1346 (~-4.4X) I 1384 (~1.6%) I
| | long narrow dipoles I 1128 I 1897 (-2.1X) best I 1183 (-1.5%) |
: | short narrow dipoles I 1378 I 1344 (-2.5%) i 1367 (~-9.8X) best )
| i i | ]
| rmmmemcemes s [amecc e ca e cmcc e e ————— am|en e cacmscnmacmacan ] fre e mam e [ - B |
| ] ] 1 | i
1 12 | short fat dipoles i 1455 1 1374 (-5.6X) | 1487 (-3.3X) 1
I | long narrow dipoles I 1168 I 1894 (-5.7%) i . 1099 (-5,3%) [}
: : short narrow dipoles I 1418 1 1345 (-5.2%) | 1363 (-3.5X) :
| | |
| svmanmcamsene | mhn e — e —————— cat|@acccccenesssnnacsnte | smm e ——— [ R R P - ccescacan|
| 1 . | i | i
1 8 | short fat slots | 1438 1 | 1
| | long narrow slots t 1195 1 I I
I | short narrow slots I 1365 | | I
i I I I I |
| -~ |mmmm e m e |mo—— | cnan| ——— |
i i | t i |
I ) | short fat slots I 1495 I | |
{ | long narrow slots I 1183 1 I I
| I short narrow siots 1 1424 | I I
| ! | i 1
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s = 100 (“ca]cu]ated - “measured) . (5.4)
: Vmeasured
For the non tip-corrected data, the error range is -9.4% to -2.1% and
for the tip-corrected data, -6.3% to -0.8%. The latter is considered
very good given the quality of the SEM photographs in Chapter IV. As
pointed out earlier, the resonance locations obtained using the non tip-
corrected data are all lower than the measured resonance locations, as
indicated by all negative errors in Table 5.1. This is also the case
for the tip-corrected dafa. These results are probahly due to some
systematic error, the most likely one being mismeasurement of the
element dimensions (primarily length but also width). There are two
possible causes of this error. The first is a slight difference between
the model element shape and the actual element shape. This could be
caused by nonrectangular element cross sections yielding effects similar
to the tip-correction mechanism. The second cause could be ERMF
deflection electronics which are slightly out of calibration. Since the
average errors are only -4.6% for the non tip-corrected cases and -3.1%
for the tip-corrected cases, either is a possibility.

Several other comments should be made concerning the calculated
data. The first is that the calculated data show many of the same
effects as the measured data. In general, for the dipole elements, the
fat elements are both broader in bandwidth than the narrow elements and

resonate at a slightly higher frequency. The only exception to this is
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substrate #7 on which the fat dipoles resonate at a slightly lower
frequency than do the narrow elements. This is true for both the
measured and calculated data. In addition, comparison of Figures 5.5
and 5.6 show that the calculated tripole data for substrate #5 is more
broadband than the sparser crossed-dipole elements on the same
substrate. Again, this was pointed out for the measured data.

The major difference which can be seen in comparing the calculated
data to thé measured data is the null depths of the filters for the
tripole and crossed-dipole elements. These differences are hard to see
for the dipole elements due to the previously mentioned dynamic range
problems caused by interaction with only one polarization. There are
several possible reasons for the lack of null depth in the measured
data. One possibility is a Toss of instrument response caused by the
use of a focused heam. This possibility was ruled out since deeper
nulls were obtained with the earlier low f# measurement system than with
the later high f# system. An example of data obtained using the Tow f#
system is presented in Figure 5.11 for fhe aluminum tripoles on
substrate #5. The problems with this system are fairly obvious since a
passive device cannot exhibit gain (i.e., transmittance greater than 0
dB). The second major possibility limiting null depth is leakage around
the arrays during the measurement process. However, two beam limiting
apertures were used to prevent such Teakage and it is felt that this
technique was effective. The last major possihility is metal loss or

imperfections incurred during storage between the two sets of
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measurements. Techniques to model such loss are presented in Appendix D
and were tried for the tripole and crossed-dipole models of the elements
on substrate #5. These results will now be discussed.

Using the lossy element analysis in Apendix D, the aluminum
elements on substrate #5 were modelled to see if better agreement
between experiment and theory could be obtained. The required surface
resistance data was obtained as described in Appendix E. The cosine
current mode was used to model the receiving current distribution as
explained in Appendix D. The results of this analysis are presented in
Figures 5.12 and 5.13 for the tripole and crossed-dipole elements,
respectively. Note that the frequency region of interest has been
reduced to 900 cm-! to 1600 cm-l. As can be seen by comparing Figures
5.12 and 5.13 to Figures 5.5 and 5.6, the inclusion of the aluminum loss
model has very little effect. This is not surprising since the model
data for the aluminum is based on the high reflectance data for clean,
fresh films. For films which have aged slightly (due to oxidation and
abrasion), the reflectivity is known to drop. To see what effect such
aging would have, the approximate 29 surface resistance (see Figure E.3)
of the aluminum was increased to 5Q. The results presented in Figures
5.14 and 5.15 show that this Toss better models the measured data shown
~in the previous chapter. Note that for a 5@ surface resistance, the
reflectance is still approximately 95% which is visually
indistinguishable from a freshly coated surface. Even if the surface

resistance approaches 109, the reflectance will be nearly 90%, however,
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severely degraded filter performance could be expected. For this
reason, it may be necessary to provide a dielectric coating for
protection of the fresh metal films if deep nulls (or low insertion loss
for slots at resonance) are desirable. This could be further
advantageous in providing an extra dielectric layer as a parameter for
designing even better filter characteristics. Better characteristics
may include both improved off-axis performance [45,46] and greater null
‘depth for a given filter bandwidth.

One Tast point should be made concerning the addition of Tloss to
the periodic surface analysis. It was noticed in all cases tested that
increasing the surface loss resistance raised the calculated filter
resonant frequencies. In some cases (the Tong elements and Rg=20Q) the
calculated resonant frequencies wére even greater than the measured
resonant frequencies; however, for these cases, the overall filter

responses were highly degraded and as a result are not presented.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

In past studies, infinite, periodic arrays of antenna elements
(both metallic and slots) have found applications in the microwave
frequency regime. These surfaces, which can be designed to have
bandpass or bandstop filter characteristics, are of interest due to
their stable characteristics when scanned to angles other than normal
incidence., The concept of stability implies small changes in filter
center frequency and bandwidth when the incidence angle and/or
polarization of the incident electromagnetic field change.

The results of this study show that the theories tested in the
microwave regime may also be used to design filters for the mid-infrared
regime. The ultimate goal is the construction of mid-infrared filters
which have more stable characteristics than current filters constructed
of simple, multi-layered dielectrics. In fact, mid-infrared filters
have been designed via first order resonance theory for isolated
elements and constfucted using the techniques of electron-beam

lithography. Several different types of elements have been built
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including dipoles, tripoles and crossed-dipoles. In addition to the
metallic elements such as straight dipoles, straight slots have also
been built. The Timits of currently available lithography have been
discussed as well as the techniques for forming the metallic elements
and slots. It has been shown that wet etching is unsatisfactory for the
formation of slot elements; however, it is expected that the development
of techniques such as reactive ion etching (RIE) and other dry etching
techniques will be capable of producing high quality geometries.

The filter patches which were successfully constructed were
measured in transmission using the techniques of infrared Fourier
transform spectroscopy. Due to the small areas of the filter patches
(approximately 3mm x 3mm), a focused optical heam was used to maximize
the energy incident on the sample areas and hence increasé the
measurement signal to noise ratio. Initial measurements using
approximately f2 lens optics showed that the surfaces did indeed exhihit
the desired filter characteristics. Unfortunately the large cone angle
for f2 optics (about 28°) does not yield a very good approximation to a
plane wave. Final measured data for comparison with calculated plane
wave data were taken using approximate f8 reflective optics with a cone
angle of 7°. The reported data were obtained almost exclusively with
the f8 system.

The last major portion of this study is a comparison of the
measured data with calculations obtained using a computer code which had

been tested in the microwave region. The original code was modified
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to handle the effects of the lossy, dispersive calcium fluoride
substrates on which the filter patches were constructed. Additional
modifications were made to account for the thickness of the elements
(the elements in this study had rather large aspect ratins) and effects
caused by the rounded ends on the elements. Using dimensions obtained
from detailed SEM photographs of the filter elements, transmittance
curves were calculated for all the metallic element patches which were
measured. This resulted in seventeen sets of data which wefe
qualitatively compared on the basis of filter center frequency. The
maximum error was found to be 6.8% and the minimum error only 0.8%. The
average error for all seventeen data sets was only 3.1% which is
considered excellent given the quality of the SEM photographs.

It was found that the measured transmission null depths for the
tripoles and crossed-dipoles did not agree very well with the calculated
data. It was postulated that metallic loss effects in the measured data
which were not included in the calculated data caused the discrepancy.
Using a perturbation analysis, a model for the surface loss in metal
elements was developed and added to the computer code. When published
data on aluminum films was incorporated into this model the results were
found to differ only slightly from the original lossless calculations.
However, it was shown that only a small increase in the surface
resistance (less than a factor of three from the published aluminum
data) produced results comparable to those in the measured data for the

aluminum elements. This increase in surface resistance is in fact quite
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believable since the published aluminum data were for fresh films and
the final measurements on the aluminum patches occurred after sufficient
time for some surface oxidation.

Due to the introductory nature of this study, the scope has been
guite narrow. As a result, there are many areas for future work. One
particular area of interest is in the study of other periodic surfaces
geometries which could include both different element types and
multilayered arrays. Future element types of interest could include
loaded elements; however, even for the frequencies used in this study
the construction of Toaded elements would require betfer lithographic
techniques. In addition to the loaded elements, multi-legged slots
would also be of interest. For these purposes, the study of RIE and
other micro-machining techniques would be invaluable. Multi-Tayered
surfaces consisting of both multi-layered dielectrics and staggered
metallic arrays should also be investigated as methods for both
increasing and decreasing the filter bandwidths and controlling resonant
frequency insertion loss.

As a practical matter, filter patches with larger areas should be
constructed so that the off-axis characteristics of the filters may be
verified. This would also provide methods for constructing larger
filter patches for use in real optical systems. Practical problems such
as these bring up other problems related ton the electron beam process.
The main problems are the slow speed of the electron beam exposure

process and the Tlack of quality high resolution replication techniques
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for the 0.25 um line widths obtained in this study. However, this area
qf technology is rapidly advancing due to the need for these techniques
in the area of micro-electronics. Thus, the area of high frequency
periodic surfaces may greatly benefit from the VLSI (very large scale
integrated) circuit and VHSIC (very high speed integrated circuit)
programs. Advances in these areas should make even higher frequency
periodic surfaces possible. Currently work has even progressed to the
point where contracts are being let for construction of ion beam
1ithography machines [47] having a 0.07 um (or 700R) linewidth
capability. This is two to three times finer than the linewidths
produced by the e~beam machine used in this study.

In addition to the aforementioned improvements in analytical
techniques and construction techniques, the study of infared periodic
surfaces would be greatly aided by improved data on materials in this
frequency regime. For dielectrics, accurate data on index and
extinction coefficient are needed and not generally available. For
metals, data on the loss characteristics of the materials is largely
unavailable or sporadic in nature. In addition, the effects of aging as
it relates to increases in surface loss needs to bhe studied and

techniques for minimizing these Tosses developed.
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APPENDIX A

THE CONSTRUCTION OF MID-INFRARED

PERINDIC SURFACES

The construction of the arrays of resonant conducting elements
which comprise the periodic surfaces has proven to he a formidable task.
The reason for this is that at the design wavelengths in question (i.e.,
5 to 10 um), the techniques of optical Tithography which have been used
with great success in the microwave and far infrared regions [48,49],
can no longer resolve the required dimensions for high-Q elements such
as thin dipoles or tripoles. Elements such as these are desirable since
they are most easily packed (especially the tripoles) which delays the
onse£ of grating lobes. Initially we abandoned such high-Q elements and
attempted to build elements which would have been at best fat dipoles.

A laser interferometric system (Figure A.l) was used to expose
Kodak type la spectroscopic plates to form simple patterns of
alternating light and dark lines. These patterns were to be used as
masks to expose a photo resist on our substrates which would have been

used to form metal Tines on the surface. The mask would have been

112



/ COLLIMATING MIRROR

/ /
;A
/ // P
»

\\ ’ -~ -
e

/’ \ '//

- ,’/’a/\'
_ // /,//// I, N
’f .- ; 7 &\
- "’ 4 II
_er T o\ / FILM PLANE
I Iy [
) /\/ "4’ ’// //
~15Lm PINHOLE [ s
\ \ \ y /
_——\ 7/ s
7X OBJECTIVE\ \ \ S/
7 /
S/ COLLIMATING
FLAT MIRRORS /, /’ MIRROR

APERTURE \
SHUTTER \ -

ARGON-{ON LASER

A=0.513um l
THICK BEAM_/ / \
SPLITTER 7X OBJECTIVE

APERTURE ~15pm PINHOLE

Figure A.1. Laser interference pattern system.

113



rotated and the process repeated to leave islands of metal. This turned
out to be impractical since masks of high enough quality could not bhe
produced. The lines produced were‘of the correct spacing (approximately
3 ums as shown in Figure A.2) but the patterns were grainy and did not
have sufficient contrast to produce good metal lines. It is not known
whether the poor pattern quality was due to equipment problems such as
aberrations from the mirrors and lenses or due to interference fringes
in the photographic emulsion. These problems were not attacked since
this technique was abandoned when the resources of the National Research
and Resource Facility for Submicron Structures (NRRFSS) at Cornell

University became available,

Figure A.2. Interference fringes in Kodak type la spectroscopic plate.

Line separation is = 3 um.

114



The NRRFSS is a unique research facility with equipment including a
Cambridge EBMF 2-150 electron beam pattern generator, with a quoted
resolution of 0.2 um or better [501., It was decided to use the
resources of this facility since it enabled the construction of the more
desirable tripoles and cross-dipoles. The rest of this section will
give a brief overview of the electron beam microfabrication (EBMF)
techniques and related processes used at the NRRFSS for constructing the
periodic surfaces. The capabilities and limitations of each technique

will be briefly discussed as they relate to the results obtained.

A. ELECTRON BEAM MICRO-FABRICATION (EBMF)

The EBMF technique is somewhat similar to optical lithography in
that a pattern is generated in a resist by. an exposure-development
process. 0Once this resist pattern is created it may be used to create a
similar pattern or its complement in some desired material which in our
case is a metal., The advantage of EBMF is that it is inherently capable
of creating finer patterns in the resist. 1In optical Tithography, the
resist pattern is created by illuminating a mask consisting of clear and
opaque areas and allowing this to shadow cast the image onto the resist.
The 1imiting factors to resolution (i.e., minimum quality feature size
or line width) are diffraction effects from the mask and reflection
effects within the resist. Typically, this limits the resolution to
Tinewidths greater than 2 wm (see Figure A.3 [51]). The EBMF technique

uses a focused beam of electrons to directly draw the pattern in a
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resist [53,54]. It should be noted that the EBMF is essentially a
scanning electron microscope (SEM) in which the heam steering
electronics are capable of a vector scan mode in addition to raster scan
mode. Typically, the beam steering and blanking are done under computer
control. Due to the high energy of the electrons and associated short
wavelength, the SEM and EBMF are capable of extremely small spot sizes.
In the EBMF, spot sizes under 0.1 um are usually not realized since very
high beam currents are needed for realistic exposure times. The
resulting space charge effects of the intense e-beam near the focus
tends to limit the spot size due to electron repulsion. Another

1imiting factor is electron scattering in the resist due to
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electron-molecule collisions. For these reasons, the equipment at
NRRFSS is typically capable of generating 0.2 um Tines although slight
improvements are possible if great care is used and long exposure times
are permissible.

The electron resist scattering process is also responsible for
another problem in the EBMF process called the proximity effect. This
effect becomes important when two lines are drawn close together
resulting in the widely scattered electrons causing overexposure along
the line edges. Thus, in regions whe.e the Tines are in close
proximity, they broaden or lengthen and appear to grow towards each
other. This may cause a problem (see Figure A.4) if we attempt to pack
the resonant elements too close together to improve off-axis scan
characteristics or bandwidth.

In e-beam Tithography, there are two basic types of resists used:
positive and negative. Their use is much the same as standard optical
resists. The positive resists consist of polymer chains of high
molecular weight, an example of which is po]ymethy]methacry1ate (PMMA).
The exposure process breaks the polymer Tinks resulting in low weight
molecules. The development process is essentially a controlled process
of dissolving away the low weight molecules and leaving the high weight
molecules. Thus, for positive resists, the unexponsed material remains
on the surface. For negative resists, this process is reversed in that
the unexposed resists consist of Tow weight polymers with the exposure

process causing chain cross linking to yield high molecular weights.
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Figure A.4. Long tripoles on S#1 showing liftoff failure caused by line

lengthening due to proximity effect.

Again, the development process removes the low molecular weight material
with the result for negative resists being that the exposed material
remains on the surface.

The preceeding discussion was quite short to have covered such a
complex group of chemical reactions. The main result to be drawn is
that the process of molecular chain breakage (positive resists) is a
more controlled process than chain linkage (negative resists) with the
result that positive resists generally are capable of greater resolution
than negative resists. For this reason, the work reported in this

dissertation was done exclusively with the positive resist PMMA, since
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it is the choice for fine work having a resolution limit of 0.1 um., 1In
addition, PMMA is compatibhle with the techniques of liftoff and etching

(wet and dry) which will now bhe discussed.
B. LIFTOFF

The 1iftoff technique illustrated in Figure A.5 is used to fill in
metal in a patterned resist Tayer. Once the resist has been patterned
on a substrate and then developed to selectively expose the substrate,
the resist side is coated with a metal layer (typically) by vacuum
evaporation. Due to the electron scattering process during exposure,
the sides of the developed resist tend to overhang the substrate. Thus,
as the metal deposits on the surface, a natural separation occurs
yielding a break in the metal layers on the substrate and on the resist.
The entire substrate is now immersed in a solvent (an example for PMMA
would be warm acetone) which dissolves the resist. It is important at
this point to keep a flow of solvent on the surface so that the unwanted
metal does not redeposit. The liftoff technique is thus very useful for
making thin or narrow lines of metal. The main limitation of the
liftoff technique is that the resist must be thicker than the desired
metal Tayer. Usually a ratio of resist to metal thickness of 3:2 is
sufficient to provide for successful metal edge breakage. The Tiftoff
technique is not very good for making patterns in which the entire
substrate is largely covered with metal due to the long exposure times
required to do the patterns when filling in with the narrow e-beam.

Instead, when using a positive resist to form small non-metal regions,
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it is more practical to use an etching process to selectively remove the

unwanted metal.
C. ETCHING

In the etching process, the desired metal thickness is applied to
the substrate and then the resist is applied and patterned (refer to
Figure A.6). At this point, some material is brought into contact with
the metal-resist side of the substrate to selectively remove the metal.
Depending on the type of material used to remove the metal, the general
etching process may be divided into two more specific cases, each of
which has its advantages and Timitations. The broad classes to he
discussed here are (1) wet etching and (2) dry etching. The latter

includes the two suhclasses (a) plasma etching and (b) fon-milling.
1. Met Etching

Wet etching is the oldest of the pattern formation techniques and
is the mainstay of the printed circuit hoard and large size integrated
circuit technologies. This is due to its relative simplicity and Tlow
cost. Wet etching is accomplished by simply putting the substrate in a
chemical bath which reacts with the metal. At this stage the
requirements for the resist are fairly simple in that it must not react
with the etchant. As long as the width of the metal line to be removed
is much larger than the metal thickness, there are few problems.
Problems arise, though, in micro-electronic work (which is similar to

ours) when these dimensions become comparable. This is due to the
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isotropic or "equal in all directions" nature of the wet etch process
which results in the undercutting of the metal bheneath the resist. This
is illustrated in Figure A.7. The results of undercutting are shown in
Figure A.8 for an array of crossed slots in chrome. Note that the
undercutting has not only caused the slots to broaden (which will raise
the filter bandwidth) but has also caused the slots to lengthen (which

will lower the filter center frequency).

2. Dry Etching

Another technique which has received considerable attention is the
dry etching method known as plasma etching. In this method, the
substrate is surrounded by an ionized cloud of a material which reacts
with the metal layer. Common reactive species for metals are chlorine
jons and fluorine ions produced by electrically decomposing carbon
tetrachloride and carbon tetrafluoride, respectively. In addition,
ionized oxygen as the reactive species is quite useful for general
cleaning purposes such as removing resist which has been overheated or
burned and will no Tonger dissolve in a solvent. The advantage of
plasma etching is that it is not necessary to wet the sqrface to be
etched. This can be a problem with some of the more viscous wet
etchants when very small feature sizes are desired. Unfortunately
plasma etching suffers from the same problem of isotropic etching that
plagues wet etching, the result being undercutting.

Thus, to obtain good patterns on a surface by selectively removing

material, it is necessary to use a technique which is anisotropic or
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(a) Resist pattern.

(b) Final metal pattern showing 1ine'gEthh.

Figure A.8. Effects of wet etch undercutting, substrate #4,
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has some preferential etching direction. This can he accomplished

using tWo methods, one called reactive ion etching (RIE) and the other
known as ion-milling. RIE is an advanced form of plasma etching which
makes use of the ionized nature of the plasma cloud to accelerate the
reactive ions toward the subhstrate thus giving them a preferred
direction. The acceleration is produced by applying a bias field to the
plasma cloud as shown in Figure A.9. This figure illustrates the bias
arrangement for the case in which the reactive ions have a negative
charge as is the case for chlorine and fluorine. The important
parameters for RIE are the bhias potential which controls the degree of
anisotropy and differential etch rates between the resist and metal. It
should be noted that the bias cannot usually become too high or the
incident ions will actually bump or mi11'the surface resulting in a
process called sputtering or ion-milling. This is a problem under
normal RIE circumstances since the resist is usually softer in a
mechanical sense than the underlying metal. If the resist can be made
very thick (a problem if very fine lines are desired due to electron
scattering) so as to overcome the differential etch rate problem between
the resist and metal, then the ion-milling or sputtering can be a useful
etching method. O0Often this is done using nonreactive ions such as
argon. This can be advantageous since care in handling the reactive
species is not necessary and since if there is no chemical etching there

is also no undercutting.
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D.  TECHNIQUES ACTUALLY USED AT THE NRRFSS

The facilities at the NRRFSS are fairly extensive and most methods
in high resolution lithography are either currently available or under
development. For construction of dipoles or similar elements, the
liftoff technique was used exclusively with excellent results. Metal
lines with widths as small as 0.2 um and as large as 0.54 um were made.
The resulting length to width ratios for the dipoles were in the
approximate range of 6:1 to 15:1., This range was good enough to show
pronounced effects of element width on filter bandwidth.

Several etching techniques were tried for the construction of
slots. RIE would have been the favored technique for this purpose hut
unfortunately this equipment was not yet working and the process well
characterized during our visits to the NRFSS. Wet etching was attempted
with the line growth results previously illustrated. 1In addition severe
problems due to scratches. in the calcium fluoride surfaces were noticed.
This is shown in Figure A.10 for the case of chrome etched in Cyantek (a
commercial chrome etching) as evidenced by the long scars running
through the metal.

Plasma etching of the aluminum and chrome surfaces would have been
desirable but the use of chlorine was not possible during our visits.
The only plasma etchants then available were fluorine and oxygen,
neither of which would etch aluminum or chrome. The last possibility
was the use of an argon-ion mill. The only problem with this last

technique is the low differential etch rate between the resist we used
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- Figure A.10. Defects in chrome slots due to surface scratches in CaFj.

Substrate #3, back Tighting, magnification = 1300,
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(i.e., PMMA) and the two metals. To overcome this problem, a
multi-level resist technique was developed by Mr. Brian Whitehead of the
NRRFSS, which yielded satisfactory straight slots although not as good
as expected using RIE.

The multi-level resist technique for jon-milling consisted of
putting two additional Tayers between the metal layer and the resist
layer to act as buffers for the milling process. This multiple layering
is indicated in Figure A.11. The upper additional layer was a very thin
evaporated coating of germanium which is patterned through the PMMA by
plasma etching in disassociated carbon tetrafluoride. The underlying
additional layer was a thick coating of Shipley AZ-13500 (a commercial
high quality photo resist) which was baked at approximately 100°C for at
least two hours. At this point, the photo-resist is simply a thick,
relatively speaking, plastic layer useful only fbr buffering purposes.
The photo-resist layer was patterned using an oxygen plasma etch. The
results of the multi-level system just prior to ion-milling are shown in
Figure A.12., Note that the oxygen plasma etch not only patterns the
photo resist but also removes tiic PMMA,

The results using the multi-level resist technique with argon
jon-milling of the metal surfaces for chrome (substrate #8) and aluminum
(substrate #9) are shown in Figure A.13. It should be noted that the
chrome slots are wider than the aluminum slnts which may bhe attributed
to the longer milling time required for the chrome. Milling time was
determined by visual inspection under a microscope at approximately

x1300 magnification when using transmitted light. The broadening of
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(b) Aluminum on S#9.

Figure A.13. Results of multi-Tayer resist patterning of long narrow

slots.
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the slots indicates that the multi-level resist was not completely
successful in preventing line growth but is still better than wet
etching (see Figures A.8 and A.10). These results were deemed
sufficient as they were the best we could obtain, but future work using
RIE as it becomes available should yield better results.

The use of all these different techniques and the many processing
methods involved were highly influential in the use of calcium fluoride
as a substrate material. The material grown via vapor phase techniques
is reasonably hard (although not as hard as the hot press
polycrystalline material) which makes it capable of being polished to a
good surface quality. This point is important when you are laying down
sub-micrometer patterns. In addition, the CaF2 chemical bond is quite
strong resulting in a material which is practically insoluable in water
and is not attacked by most solvents. Many different solvents are used
in micro electronics for substrate cleaning as well as in the 1iftoff
process, CaF2 is also quite resistant to most acids and bases which are
used in wet etching aluminum and chrome. Due to the strong CaF»
chemical bond, we did not expect the material to be attacked by the
reactive species used for plasma etching or RIE. Lastly, the mechanical
hardness of CaF2 (about the same as a penny for the polycrystalline
IRTRAN 3) makes it resistant to the mechanical erosion process of
ion-mi1ling. These points are critical since after processing to leave
the desired metal shapes, we desire the substrate to be optically

transmitting and not diffuse.
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APPENDIX B

MID-INFRARED MEASUREMENTS

The periodic surfaces described and built during this study are
resonant at wavelengths shorter than 10 um, which corresponds to
frequencies greater than 1000 em=1 or 30,000 Ghz. Thus, the frequency
range of interesf is much too high to allow measurement of the filter
characteristics by standard microwave techniques. However, this
frequency range (approximately 700 em=1 to 2700 cm-1) s easily within
the capabilities of an infrared Fourier transform spectroscopy (FTS)
system available at The Ohio State University ElectroScience Laboratory.
In fact, the use of this system was highly influential in the choice of
CaF2 as a substrate material which further influenced the choice of
desired resonant frequencies. The reason for this was that the best
available detector for the FTS system at the start of this study was a
liquid nitrogen cooled Mercury-Cadmium-Tellurium (MCT), photo-conductive
device, doped for maximum sensitivity near 8 um. The sensitivity of
this MCT detector drops off rapidly at wavelengths greater than 12 um

and therefore it is fairly well matched to the infrared sharp cutoff of



CaFp2. In addition, the use of CaF2 eased alignment of the measurement
system due to its visible transparancy. The MCT detector is also useful
to wavelengths near 2 um although its output becomes rather noisy. In
any event, these problems were avoided by making the resonant elements
as large as possible to ease construction problems which pushed the
region of interest into ranges where the detector output was
satisfactory. This was also done to investigate the effects of
dielectric loss on filter performance. The rest of this appendix will
outline the important aspects of FTS spectroscopy which affected this
study. In addition, two slightly different systems which were used to
obtain transmission spectra of the mid-infrared filters will be
presented.

FTS spectroscopy has its basis in linear system theory and the
concept of a frequency dependent transfer function. The utility of the
transfer function concept is that individual units may be strung
together and the transfer function of the system is just the product of
the individual transfer functioné. This also provides a method for
determining the transfer function of an individual unit by a ratio
technique. This process consists of measuring the system output
spectrum with and without the unknown element in the system. The
resulting spectra are ratioed to obtain the transfer function of the
unknown. This process is illustrated in Figure B.l. Note in Figure
B.1 that when the unknown is taken out of the system it is replaced by a

known object. Often it can be assumed that the known has unity transfer
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Figure B.1. Illustration of two measurements required for FTS. System

with unknown device in place and the system with the

unknown replaced by a known.
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function, k(f), over the frequency range of interest, although this is
not always possible. An example of the latter is when a reflected
signal is désired and the known must also be a reflector. For the
system in Figure B.1l, the transfer function for the unknown is obtained
from the ratio:

= |7 0u(f)™ (B.1
u(f) ﬁ(f‘m' k() )

where multiplication by the known function, k(f), has been included for
completeness. Note that for an accurate recovery of u(f), Equation
(B.1) implies that Oy (f) and k(f) have no zeroes within the frequency
range of interest.

Figure B.2 shows a simplified optical FTS system which is similar
to the systems actually used. This FTS system consists of five
essential units which are: 1) a broadband optical source, 2) a
Michelson interferometer, 3) the sample region, 4) an optical detector
and 5) a digital computer. The computer is the only non-optical element
of the FTS system and is responsible for system control, data collection
and data processing. The data processing includes not only the simple
process given by Equation (B.1l) but also inversion of a Fourier
transform which will be derived in the following discussion of the
optical elements.

The source in the infrared FTS system is typically a broadband
radiator such as a globar made of silicon carbide. This globar, which

is electrically heated by conduction, radiates much like a blackbody
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by the simple virtue that it is hot. Tt should be pointed out that the
globar is a simple, high frequency, broadhand noise generator and is
quite analogous to the noise generators which are sometimes used at
audio and microwave frequencies. Since the output spectrum of the
source, SCF, varies with its temperature, it is essential that the
source power supply be stable. The only other requirement for the
source is that it not have any deep nulls within the frequency ranée of
interest to satisfy the requirement on Oy (f) previously mentioned. For
the globar source, it should be noted that the output is incoherent with
random polarization.

The heart of the FTS system is the interferometer which is used to
produce an output beam consisting of a reference beam added to a phase
modulated beam. The phase modulation is obtained by altering the length
of one of the interferometer legs by scanning a mirror in a direction
parallel to the beam (see Figure B.2). The result is that the
interferometer has a transfer function, I(f,8), which depends on both
the frequency (no specified units) and the directed displacement of the
moving mirror from equilibrium. Equilibrium at a fixed frequency is
defined as the mirror position where the optical path lengths through

the two Tegs are identical. The resultant transfer function is
1(v,8) = Ip(v) + Iy(v) e~JBS (B.2)
where

6 = 21 = 2my (8.3)
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XA is the free space wavelength, v is the frequency in inverse
wavelengths, and 6§ is path length difference from equilibrium which is
twice the mirror displacement for this instrument. In the infrared, v
is typically given in "wavenumbers" which has units cm~l, In Equation
(B.2), Ig(v) is the fixed mirror leg or reference beam transfer function
and Iq(v) is the moving mirror leg or modulated beam transfer function
at the equilibrium position. It would be desirable to have Ig(v) and
IM(v) equal since this would yield 100% modulation and a maximum output
signal. It is relatively simple to make the mirrors alike to within
experimenta] errors, but problems in beam splitter construction make
differences in If(v) and IM(Vv) inevitable. For reasons of stability and
to obtain good optical surfaces, beam splitters in the infrared are
typiclly made in a sandwich arrangement as in Figure B.3.

Unfortunately, it is impossible to make the support layers identical in
terms of thickness which when coupled with the dispersive index of
refraction of infrared materials results in a nonlinear phase error
between the two legs. The process of "fixing" this inequity is called
“phase correction" and will be discussed when we look at the detector
output. For purposes of discussion in deriving the output of ouf

simplified FTS system define,
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and

A= 2(ta-t1)n(v) . (B.6)

In Equation (B.6), A is the differential optical distance through the
interferometer beam splitter which will cause a nonlinear phase error
if the index of the support layers, n(v), is not constant and the layers
are of different thicknesses. The thicknesses t1 and t2 are indicated
in Figure B.3.

The next important section of the optical train is the sample or
unknown region, which is assigned a transfer function, u(v), that we
wish to determine. As previously stated, it is assumed that the unknown
may be replaced by a known without affecting the other elements in the
system. For transmission measurements, the known may be a region of
vacuum which has unity transmission (it is assumed that the sample is
thin and does not walk the beam). Note that in the infrared, normal
atmosphere will not usually suffice due to the strong infrared
absorption lines of water vapor and carbon dioxide. In fact, due to
these strong absorption lines, it is usually necessary to have most of
the optical train in vacuum or in a region flushed with nitrogen. For
reflection measurements, metallic mirrors may be used as knowns with the
added problem of accurately repositioning the heam for both
measurements. In addition, few mirrors have near perfect reflectance
over broad frequency ranges so that the calibration procedure

(multiplication by k(f) as in Equation (B.1)) must actually be done.
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Thus, transmission measurements are inherently simpler and are the only
type reborted in this study.

The last major region of the optical train is the detector and any
associated light gathering optics. This section of the system is
assigned a transfer function, D(v), which relates incident field
strength to the detector output. Actually, the detector is a square-law
device with an output which is linearly proportional to the incident
power, integrated over all frequencies. Thus the voltage output may be

written as

[}

v(8) = [ |S(V)I(v,8)U(v)D(v)|2dv . (B.7)

-0

Using Equations (B.1l) through (B.6) this becomes

v(s) = 2 T M(v)dv + Re{ 7 M(v)e=J2mVia-j2Tvsqy} (B.8)
where
M(v) = ]S(\))Io(\))U(\))D(\))|2 . (8.9)

Since the mirror is usually scanned linearly with time, we may also
think of v(8) as a simple function of time. With this reasoning, the
first integral in Equation (B.8) may be recognized as a DC component
whiéh is usually removed by high pass filtering. The resulting filtered

detector output is referred to as the "interferogram" and is given by
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ve(8) = Ref 7 [M(v)e‘jZWVA]e'jZ"“de} (3.10)
where any filter effects are included in the detector response. Note
that the frequency function M(v) is the term we actually desire for use
in our ratio technique. The result will then be a ratio of output to
input power., Thus, for transmission and reflection measurements, we
will obtain the sample transmittance and reflectance, respectively.

Due to well known restrictions on transfer functions for physical
observables, the function M(v) is symmetric about v=0. Thus, for the
ideal interferometer (i.e., A=0), Equation (B.10) simplifies to

[+ -]

ve(8)] = [ M(v)e=i2mvéqy (B.11)
A=0 -®
which may be recognized as a Fourier Transform (FT). Hnder this
simplification, we can obtain M(v) directly using the Inverse Fourier

Transform (IFT)

M) =L S (o) eI . (8.12)
lAEO

It is interesting to point out that for the ideal interferometer we
would expect the interferogram to he symmetric about &=0 which can he

shown in Equation (B.1l) by using a simple change of variable.
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Unfortunately, the ideal interferometer is never encountered due to
the afofementioned phase error (i.e., A#0). The effect of phase error
is to produce an asymmetry in the interferogram. This effect is
illustrated in Figure B.4 in which a synthetic interferogram (modelled
as a simple sin(x)/x function) and a distorted interferogram are
presented. The distorted curve (Figure B.4(b)) was generated by
transforming the undistorted curve (Figure B.4(a)), adding small amounts
of phase shift to the spectrum and then taking the real part (per
Equation (B.10)) of the inverse transform. If the phase shift is
linear, then the distorted interferogram is simply a shifted version of
the undistorted one. However, the asymmetry of the central maximum is
caused by phase shifts which are non-linear in frequency (in Figure
814(b), modelled by quadratic phase term due to a linearly decreasing
index with frequency). This dispersive nature is characteristic of all
dielectrics in the infrared. The result of all of this is that taking
the IFT of vf(8) does not yield M(v) but a distorted version of it.
Several techniques have been developed to approximately correct for this
error and all come under the term "phase correction". A1l these
techniques rely on taking a spectrum of a narrow region about the
interferogram maximum which is referred to as the centerburst. These
techniques will not be discussed here since the details of FTS are
beyond the scope of this work, however, the interested reader is

directed to a review in [55].
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(a). Synthetic interferogram (sin(x)/x).

- VAP AN anfy A{\A.\-
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(b). Distorted interferogram produced hy adding linear and
quadratic phase delay to the ideal interferogram spectrum.

Figure B.4, Effects of phase error.
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Two additional aspects of FTS systems will now be briefly discussed
since they affect the maximum allowable frequency and the frequency
resolution. Since all FTS systems make use of sampled data, according
to the sampling theorem [56] there is a maximum allowable optical
frequency bandwidth. For ease in calculation, this bandwidth is assumed
to run from 0 cm=l to some maximum. This Timit is well known as the
Nyquist frequency which allows a maximum single-sided bandwidth of
one-half the sampling frequency. In the system actually used, a Helium-
Neon laser interferometer which is coaxial with the infrared
interferometer is used to control the sampling. The output of the He-Ne
interferometer is a simple sinusoid which triggers the sampling unit at
each positive going zero crossing (i.e., each time the mirror travels
one-half the He-Ne wavelength). Thus, the effective sampling rate is
equal to the frequency of the stabilized He-Ne laser which yields a
maximum frequency of approximately 7899 em-l. It is required that no
frequencies above this propagate through the system or aliasing will
result which irrrecoverably corrupts the output spectrum. The system
bandwidth is protected against aliasing by use of a germanium beam
splitter layer sandwiched between potassium bromide layers. Since the
germanium has a high frequency cutoff around 7000 cm-1, no problems
occur.

The other aspect of FTS systems relates a Timit on the
interferometer mirror travel or stroke to the spacing hetween frequency

samples (since a Fast Fourier Transform (FFT) is used in processing).
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This places an upper limit on the frequency resolution of the
interferometer (high resolution implying small frequency spacing). An
excellent description of this relation is given by Hawkins [55] with the
result that resolution is inversely proportional to the interferometer
stroke. For the system used, the limit is approximately 0.04 cm-1 (571,
which is much greater than needed to observe the infrared filter
characteristics (these spectral features are typically greater than
several hundred wave numbers in width). Thus the effects of high
resolution limits are not of great importance in this study. Data of
high resolution was only taken in one instance to observe the etalon
behavior of the CaF2 substrates which exhibit a ripple period of ahout

3 ecm=l. Each data run for high resolution typically required ahout 4
hours with two runs (known and unknown) required to ohtain a filter
spectra having adequate signal to noise ratios (improved hy co-adding
multiple interferograms). Foﬁ‘typica1 Tow resolution data, usually only

a few minutes per run were required.
A, f2 TRANSMISSION MEASUREMENT SYSTEM

Figure B.5 diagrams the first system (referred to as the "f2
system"” or the low f# system) used to measure transmittance spéctra of
the infrared filters. As mentioned before, the light in this system is
incoherent with random polarization. In Figure B.5, all spherical
mirrors are labelled with their focal lengths (fy) in centimeters. Flat
mirrors are labelled with a capital "F". A1l lenses are labelled with

f#, focal length ahd material.
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Figure B.5. f2 transmission measurement system.



The source box in Figure B.5 was designed [58] specifically to feed
the interferometer with a collimated, 5 cm diameter beam (the usahle
interferometer aperture). The beam diameter is defined by the 28 cm
mirror which also serves as the aperture stop (10 cm diameter). The
degree of beam collimation is given by its f# which equals the ratio of
the collimating mirror focal length to the field stop diameter. This is
taken to be the physical aperture diameter indicated in Figure B.5 since
this is where the source is imaged and it is re-imaged (1l:1) in front of
the collimating mirror. For the low resolution measurements, a 6 mm
aperture (as indicated in Figure B.5) was used, yielding an output beam
collimation of f38. For the few high resolution meaurements, a 1 mm
aperture was used yielding an f230 beam. It should be pointed out that
the sburce box was evacuated to eliminate absorption lines due to carbon
dioxide and water vapor.

The interferometer and associated computer used in this system was

a Nicolet Series 7000 system which is commerically available. This
instrument has an inherent resolution limit of 0.035 cm-! although this
capability was seldom used. Typically, data of 1 cm-1l resolution was
taken and then numerically averaged to lTower the data noise level.
Since this instrument uses nitrogen air bearings to support the moving
mirror, it is not possible to evacuate the box containing it. Instead,
the box is kept under a slight positive pressure with leakage from the
air bearings to maintain a dry nitrogen flush. Again, this limits

absorption by carbon dioxide and water vapor.
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The last elements of the optical train prior to the sample are a
mirror (fe = 100 cm) and a KRS-5 lens. These components were used to
reduce the size of the interferometer output beam from 5 c¢cm to something
that would go through the samples (minimum sample diameter was
approximately 2.8 mm). This was done to improve signal to noise in the
measurements at the expense of a low f# in the vicinity of the samples.
Convergence of the rays in the sample region is estimated at'f2 (hence
the reference to system name). The cone angle 8. as shown in Figure B.6

is given hy

o, = 2 tan”! () (.13)
. For the f2 estimate (best case), this yields an angle of 28°. As a
result, many of the rays impinging on the surface are coming from well
off normal (up to 14°) yielding a poor approximation to a plane wave.
Even though data were taken with this system and are reported herein and
in a recent paper [59], a hetter system was desired in terms of
approximating plane wave characteristics. This is done by increasing
the f# of the converging optics around the sample. In addition, it was
desired to keep all the optics inside the transfer optics box which can

be evacuated to minimize atmospheric absorption,
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Figure B.6. Relation between cone angle and f#.
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B. f8 MEASUREMENT SYSTEM

A system which better approximates plane wave incidence on the'
sample is shown in Figure B.7. This system is referred to as the "f8
system" or the high f# system as a result of a nominal 5 cm diameter
beam and a focusing mirror with a 40 cm focal length. Note that the f8
system results in a cone angle of approximately 7.2° which is reasonahly
good. Ideally, a higher f# would be desired but limitations on spot
size at the focus prevented this. The focus spot size is given by the
product of the source aperture size and the system magnification.

System magnification is given by the ratio of focusing mirror focal
length (here, 40 cm) to collimating mirror focal length (fixed at 23 cm)
yielding a magnification of approximately 1.7. Thus, using the smallest
source aperture of 1 mm diameter, we would ideally have a 1.7 mm focus
spot. This is quite a hit smaller than the minimum sample diameter of
2.8 mm, however it allows some discrepancies in sample placement. In
addition, aberrations in the optical system increase the actual spot
size above the ideal 1.7 mm. Thus, the use of the f8 system is viewed
as a good compromise between producing an acccurate plane wave

illumination and in putting maximum signal through the sample.
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Figure B.7. f8 transmission measurement system.



APPENDIX C
MID-INFRARED PROPERTIES OF CALCIUM FLUORIDE

The primary reason for using calcium fluoride (CaFp) as the initial
substrate material for the mid-infrared periodic surfaces is its
excellent optical properties in this region of the electromagnetic
spectrum. CaFp has an optical passhand which extends from the
near-ultraviolet to the mid-infrared (infrared sharp cutoff at
approximately 12 um [60,61]). Throughout this passhand CaF» has a high
transmittance, typically exceeding 90%. This high transmittance is
indicative of a Tow index of refraction which in this region varies
between approximately 1.3 and 1.4 [60,61]. As explained elsewhere, a
lTow index is advantageous for our designs since it allows the resonant
elements to be as large as possible for a desired resonant frequency.
Also, the extension of the passhand from the infrared through the
visible facilitates alignment of the substrates for measurement
purposes. Alignment of visibly opaque substrates might be difficult for
a finite sized interrogating beam and device patches kept small to

minimize time on the electron beam microfabricator. In addition, CaFj
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also has good mechanical strength and chemical properties which make it
compatihle with the techniques used in the construction of
micro-electronic devices (see Section A on the construction of the
resonant metallic elements).

In order to carry out an analysis of any periodic surface, we need
to characterize the electromagnetic properties of any die]ectricsb
involved. For a sometimes lossy (depending on frequency) nonmagnetic

dielectric such as CaF2, this information is contained in the complex

relative permittivity, Er’ or the complex index of refraction, n, which

are related by
(C.1)

These parameters, which are not constant bhut vary slowly with frequency
in the mid-infrared, are typically separated into real and imaginary

parts as [627:
e = ¢ - je" (C.2)
n=no- gk . (C.3)

In (C.3), n is the standard index of refraction (or just index) and k is

the extinction coefficient which accounts for propagation loss. For a

lossy material, bhoth e: and k are positive. The rast of this section

will be concerned with obtaining approximate models for n and k for

CaF2 in the mid-infrared.

157



From [61], a dispersion formula (after Sellmeier [63]) for the

index of CaF2 is given as:

0.56788)5 . 0.4710914)% , 3.8887723)5 (©.4)

A§-0.05023062 x§-0.10039092 A§-34.6490402

n2 + 1=

where Ay is the free space wavelength in microns. FEquation (C.4) is
said to be valid to five significant figures in the range 1.3 um < A4 <
'9.7 um, In this dissertation, it is assumed that (C.4) is approximately
valid in our range of interest down to a frequency of ahout 750 em-1.
This corresponds ton our frequency for the minimum detectahle transmitted
signal (about 1% or -20 dB) of a CaFp flat having a thickness of 1 mm
(see Figure C.2). For clarity, note that the free space wavelength,

Ag» in micrometers and the frequency, f, in wave numbers (cm=1) are

related hy

f x Ay = 104 . (C.5)

Unfortunately, no expression or model for the extinction
coefficient of CaF2 could be found which is valid over our region of
interest, although some limited data is available in the 10 um to 80 um
region [64]. For our purposes, a highly exact model for the extinction
coefficient is not necessary. Therefore, some rather simple
approximations may he used to obtain a model for k. This may be done
by using a model for the transmittance of a dielectric slab and measured

data for two slab thicknesses.
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For normal incidence, the transmitted field of a dielectric slab

(see Figure C.1.) having thickness d is

0 i -vd "Yd2 'Yd4
9 = £ e T {l+(pe” ™) o+ (pe”) + ...} (C.6)

%
where the first term represents the directly transmitted field and
succeeding terms represent internally reflected and then transmitted
fields. For Tow index materials such as CaF2, the reflected fields are
relatively weak. Furthermore, if there is any appreciable lnss, the
reflected terms become even less significant and the transmitted field
may be approximated using only the first term in Equation (C.6). Thus,
to first order

0 i -vd
E” ~E T, e v (C.7)

where the propagation constant, vy, is given by
Jm\/uoe

<
il

(c.8)
= j 27 (n-jk) .

The transmittance of a slab is defined in terms of the ratio of output
intensity to the incident intensity. Thus, to first order the

transmittance may be approximated using (C.7) as
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Figure C.1. Transmission by a dielectric slab in free space.
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7= E]
2
|E"|
2
2 2 | . -vd
= ITl| |T2| |e ! |
- 2 2 =(4m/1y kd) (C.9)
= Tl' |T2| e .

If we now know the transmittances T1 and T2 for two slabs of thicknesses
d1 and d2 respectively, we can find an approximate value of k by taking

ratios using Equation (C.9). This yields

*o

K = =
A (d]~-d2)

i (Ty/T,) . (C.10)

Using the low f# measurement system described in Appendix B, the
transmittances of three CaFp flats were measured. The results are shown
in Figure C.2. The average value of each curve was found in the region
from 1700 cm=1 to 2700 cm-l to establish a Tossless region value for
each curve. The average of these three averages was then found. FEach
transmittance curve was then shifted so that each individual average
value agreed with the single final average value. This was done to
correct for any slight shifts in the measured data due to alignment
errors, etc. Fach set of data was processed against the other two using
Equation (C.10) at each frequency sample point. The three values
obtained at each frequency were then averaged with the results shown in

Figure C.3. It can be seen that in the region from 950 en=1 to
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1500 cm-1 this curve can be easily fit by a straight line. This was

done in a least mean square (LMS) sense with the result being

log1g(k) =~ 0.9360592 - 4,7146729 x 10-3f (C.11)

where f is the frequency in wave numbers. Note that a plot generated
via Equation (C.11) is included in Figure C.3 for comparison. Above
1500 cm‘l, the straight line fit and the actual plot differ but in this
region, the data are essentially noise since we are in a region where
any differences in transmission are due to noise in the measurement
system. Below 950 cm‘l, the actual data curve for k and the straight
line again differ but in this region it is due to the fact that the
measured signals for both of the thicker flats are below the measurement
system noise level of about -20 dB.

Using Equations (C.4) and (C.1l) as a model for the complex index
of CaFp, three calculated transmittance curves were generated for the
slab thicknesses which were originally measured. The results are shown
in Figure C.4. Comparing Figures C.2 and C.4, it can be seen that the
agreement in the curves is reasonably good. For the thin flat curves,
the measured and calculated data differ by only about one half dR at
900 cm-l. Below 900 cm-1l, the agreement bhecomes steadily worse with
indications that the values of the extinction coefficient are actually

larger than those given by Equation (C.11).
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More precise models for the extinction coefficient could have heen
found in the region helow 900 cm-1 hut this would have required the
addition of measured data on thinner slabs of CaFp., This was not deemed
necessary since the thrust of this work was not to develop an excellent
model for CaFp. Since all the periodic surfaces reported herein were
designed to be resonant above 1000 cm‘l, it is felt that the model for

CaF2 obtained using Equations (C.4) and (C.11) is sufficient.
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APPENDIX D
OHMIC LOSS IN PERIODIC SURFACES
In this section, a technique is presented to model the effects of
metallic loss in periodic surfaces. The basic assumptions involved are:

1. The Tnss does not significantly alter the assumed mode

current distributions from the lossless case [65,66].

2. The radiators are 3-dimensional (length, width and
thickness) but the patterns are unaffected by element

thickness. The element widths may be appreciable.

3. The loss mechanism may be adequately modelled by a
uniform surface resistance, Rg, and assumed surface

current densities.
Given these assumptions, the procedure will be as follows:

1. Find the power loss in any metal surfaces due to the
assumed scattering current (voltage) modes on the

dipoles (slots).
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2. Equate the ohmic loss on the elements to the loss in an
equivalent resistance (conductance) at the terminals

of the dipole (slot) as shown in Figure D.1.

3. Solve for the equivalent loss component to be added
to the self impedances (admittances) for the dipoles

(slots).

A.  L0OSSY DIPOLES SURFACES

It is assumed that the elements are located in an array with

A A A

coordinates defined in (x,y,z) space. Local to the elements, a set of
coordinates (5,5') are used to describe the element current distribution
as shown in Figure D.2. The unit vector, 5, is assumed along the major
element axis. For typical planar arrays where the arrays are orthogonal
to the § direction, we will have ; X 2 = 1; and it is assumed that

p xp' =y. It is further assumed that the surface current density is

uniform around the element (i.e., constant in a plane p = constant) and

given hy

T (p) = 5Jp x N(p) . (D.1)

In Equation (D.1), Jp is the mode current amplitude and D(p) the mode
current distribution. Note that the mode current terminals are at p=0.

Two distributions [67,697 have been favored in moment methods and past
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Figure D.2. Local element coordinate system geometry and dipole

dimensions.

PST studies: the sine mode, Dg(p), and the cosine mode, Dc(p). These

are .given by

sinh(Ye(sz-Ipl))

D_(p) = , =L <p<L_ : (D.2)
(P STAR (Ya?p ) p P
e
and
cosh(y_ 2 )-cosh(vy_p)
D (p) = € Pe e , = <p<q_ . (n.3)
¢ cosh(vefp ) -1 P p
e

In Equations (D.2) and (D.3), vo is the effective propagation constant
along the elements which depends on the surrounding media parameters

and possibly on effects due to the lossy metal itself. In addition,
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2Pe is the effective length of the element [68] used to account for
charge buildup at the end of the elements due to width and thickness

effects. This effect is illustrated in Figure D.3. Note that 2pa is

always greater than 2p. Typically, this is written as
pe = Ip + A% (D.4)

where Ay is always greater than zero. Furthermore, note that the

current distributions are normalized such that
Dg(0) =1 =D(0) . (D.5)

Given a uniform surface resistance, Ry, the ohmic power loss in an

element is
D(p)
A
—1.0
7/ AN
Ve N\
¢ -
-2, A Lo 2
pe P P pe

Figure D.3. Example of a sine or cosine mode showing effect of

effective length on the distribution. 2pe<tp-
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2
po=Rs [ as))? s
2 3

R £ Zp' 5
_% {2/ dp J dp'lJpl IN(p)
-2 -2
p p

2
l

*p t 2 2
+2 [ dp [ dt |Jp| D(p)] }
-2 0
p
lp 2
Rs {2020 +t) 1012 1 Inp) 2 dp } . (0.6)
7 p p 2,

This result assumes a negligible power loss on the ends of the dipole.

The input current to the dipole (assuming no variation of the current

orthogonal to p) is given by

1(0) = Jp x D(0) x 2(28p" + t) (0.7)

which results in a power loss in the equivalent loss resistance, R, of

=RL 2
PL== |1(0)]

- IJpl [D(0)] (2(2zp.+t)) .

Equating the results of Equations (D.5) and (D.7) yields

2
- |

3A
- Rg P In(p)
L 2, -2, In(0)|2

dp . (n.9)
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Thus, the value of Rl depends on the form of D(p) and not on D(0) due to

the normalization.

S

1. R L

L for the Sine Mode, R

Substituting Dg(p) for D(p) in Equation (D.8), yields a sine mode

loss resistance, RE, of

-, )
RS = Rg fp [Ds(p)] dp
LY <o To (0)]2
P P s
= _ s ?p In_(m1% dp . (n.10)
2(22p-+t5 -3 s
p

To evaluate this integral we must break it up into real and imaginary

parts. Thus, define as usual

Yo = % * jfa - (D.11)

Noticing the obvious symmetry in the integrand in Equation (D.10) and

using Equation (D.11), we have

%p 2o | sinn((e+iB ) (2. -p)) |2
[ 10 ()17 dp = 2 ! L
-lp 0 s1nh(Yezpe)
o T 7
= 2 [ 1 |cosh (26, (2] ,P)) - cos(28, (2 o)) dp .
|sinh(v 2 )I? o ’ e pe " |
Pe |
(D.12)
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Evaluating this integral and using Equation (D.4), yields

) I h(2a 2 )-sinh(2a AL )
p sinh(2a sinh(2a
[0 1% dp = — e Pe G
-xp Is1nh(yezpe)| B Zae
sinh(28 & )-sinh(28 A2 -
_ (26,45, ) 51NN (26, p)‘ _ (D.13)
28, l
Substituting into Equation (D.10), we obtain for the sine mode
| "sinh(20_ 8 )-sinh(2e AL
RE i R 2 | (2, p_) (20, p)
2(22 ) ls1nh(y 9 )|2 20 2p
sinh(28_ 2 )-sinh(2B AL B
] (28,7, )-sinh(28,00,) | . (n.14)
28, %, l
For the case ag=0, this reduces to Munk's Equation (A.119),1687.
2. RL for the Cosine Mode, RE
As with the sine mode, we obtain
C R *p 2
R = S __x 2 | lcosh(y_&_ )-cosh(y p)|~ d
L 2(2p'+t)  |cosh(y .2 )-112 o € Pe €
€ Pe
(n.15)

Expanding the integrand we have
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lp 2
"I cosh (vesp ) -cosh(vep)| dp
. !

L
P *
= [Icosh(Yezpe)+cosh(Yep)!z-cosh(Yesz)+cosh(Yep)
5 >
*
-cosh(Yelp,)+cosh(vep)] dp (0.16)

where the notation A denotes the complex conjugate of A. The first

term and the last two terms are very simple to integrate and the second

term may be expanded and integrated as was done to obtain RE. The final

result is
RE = — Rs%p > {2|cosh(ye£pp)|2
2+ 2. )=1]% -
(2251 +t) cosh (v, Pe) |
h(v,2 )sinh(y.2 )
+ sinh(2aezp) + sin(ZBegp) - &R coshiYe Pe Sin Yezp 1.
207 N e *g,
P P Te"p (n.17)

As a final comment cancerning the use of the sine or cosine mode
loss terms, it should be stated that the term corresponding to the
scattering current mode should be used. This is because in the
reaction formulation used in periodic surface theory to find the mutual
impedance terms, it is the scattering current which actually radiates
and thus will be responsible for any loss. The transmitting current
mode is only used for testing purposes and is not excited to find a

radiated field.
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B.  THIN, LOSSY SLOTS

In this case, it is assumed that straight slots have been formed in
some lossy metal. The geometry and dimensions of a single slot are
shown in Figure D.4., To find the equivalent loss conductance (see
Figure D.1) to be added to the self admittance terms, it is assumed that

the slot supports a voltage distribution

V(p) = VpD(p) a (D.18)

along the slot length. The sense of the voltage and the direction of
the resulting induced electric field is also shown in Figure D.4. The
Tength, width and thickness of the slot are given respectively by 22p,

22p- and t. This yields an electric field in the slot given by

Figure D.4. Slot geometry and electric field direction.

176



AV
E(p) = p' 27 P(p) ‘ (D.19)

where Vp is the voltage mode amplitude and D(p) is the mode
distribution. Again, it is assumed that D(p) is defined by Equations
(D.2) and (D.3) [69,707.

The slot case is more complicated since it is necessary to find the
power loss due to the fields radiated by the assumed voltage excitation.

This will require a knowledge of the relationship betweeen the two

A A A

coordinate systems (i.e., X,y,z and p,p',y). Since we are only looking

at a single array, we are free to choose the origins of the two systems
to be coincident as shown in Figure D.5. Thus, we can relate the local
and global coordinates via the single parameter, 6, which is the angle
from the x-axis to the p-axis in the direction of the z-axis. It can be

seen that the coordinates are related by

X*Cc0osB + ze+5inod

p=

p' = x°sin6® - zecosO (n.20)
and

X = pecos® + p'esind

z = pesin® + p'ecos® _ (N.21)
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Figure D.5. Relationship between the Tacal slot coordinates

5, 5', § and the array coordinates ;, §, 2.
These relationships will be necessary when subtracting out the loss
terms across the actual slot areas. Since there is no metal in the slot
areas, there can bhe no loss.
[t is further necessary to separate the slot loss analysis into two
cases. The first is for thin slots in which one mode satisfactorily
models the slot. The second case is for thick slots in which a mode is

pltaced on each side of the slot surface.

1. Thin Slots (t<<A)

For thin slots, the single voltage mode radiates into both of the
regions on each side of the slot. This is shown in Figure D.6, with the

three loss regions indicated. Note that is will be necessary to find
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Figure D.6. Loss regions for thin slots, showing dimensions and

effective reflection coefficients.
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the interior loss and add to that the exterior loss on hoth sides found

by integrating over one array cell (i.e., X+X+Dy and Z»Z+D;). 1In

addition, an equivalent integral over the area of the slot on each side

must be subtracted. Thus, the cell integration is done in glohal

coordinates and the slot integrals are done in the local coordinates.
The surface currents which cause the loss are found from the

magnetic fields evaluated at the surfaces as
T(E) =nx W | (0.22)

where n is the outward pointing unit normal from the surface.

In region 1, the thin slot interior region, the magnetic field, Hi,

can be easily found from Equation (D.18) as

H, = 1l vxeE
1 =jun] 1
p p'
= _ 1 |3 3 3
-juup | p pT 3y
v
0 D 0
’Z%;T (p)
1 Y 3D(p) - (D.23)

= =jupp X le' X 9p ¥

where u1 is the permeabhility of the material in the slot. From Figure

(D.4) it can be seen that inside the slot the surface normals are
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either in the p or p' directions. As a consequence of this and the

forms of Equations (D.22) and (D.23) it can be seen that the magnitude
of the surface current in region 1 equals the magnitude of the magnetic

field evaluated at the surface. Thus the power loss in region 1 is

given by
R - 2 2
P =S 2 d dt H +
|__ p
2! t -—l v
2l dpt fde K <p>|\|2 (D.24)
-4 |

|p=2p __|

where the factors of 2 account for the symmetry between the left and
right sides (see Figure D.4) and the top and bottom sides. Using

Equation (D.23) yields,

P, = Rs ‘ 2(t) ‘ 1 Y% |2 f I aD(E ) 12 4p
1 Juny | |

7| up 2% | -y P
| p
2 |
+ 2(t) (22 .) | YVp 121 a0(p) | | l
JwU1 20pt || Bp I
|p=2p _l
R v 2| ot 1 ——1 | | (p) |2
=_S5 |v X X ovip) d
> %! | 29 Jjeu (2] | -£ Bl B
| L
| a0(p) | l2 _ll
+ 2%, | 9ip)
| "ap | | ] (D.25)
|P=2p |
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To find the Toss in the exterior regions, 2 and 3 in Figure D.6,
it is necessary to know the fields radiated by a set of periodic
elements in a general stratified medium. Such a medium is shown in

Figure D.7, for which we define

~ ~

R =xx +yy + z£ (D.26)
and

A

R' = x'x + y'§ r2'z (0.27)

as the field and source points, respectively. For this analysis, some
simplification is allowed since we actually will only need to know the
.f1e1ds at the plane of the elements. In addition, we are free to choose
the reference point at X'=0, Z'=0. If the radiators are electric
currents, the total electric field in the plane of the array is

—'Y(Xr'x+zr'z)

E(X,2) =J(O,O)9ng k” e : R(k,n) (n.28)
clxVz n y

array

where ry, ry and r; are defined by Equation (2.9) both sums run from

- to o, and

~ - -y2y2r -y2y'r
Rik,n) = - | Luns = an- uTp e YIPr - 1P e a
1 r r -'Y2dry
l_ T ralh®
. - -v2y?r -v2y'ry, |
+ [un+ - gn- yTh e I[P+ - 1P- e 4 .
=Y2dry | © (n.29)
L- Tl e _
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ELEMENT

Figure D.7. Radiating elements in a stratified media.
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A11 terms in Equations (D.28) and (N.29) are defined as in [717 except
rys which is obtained from [72] so that skewed grid geometries may be
evaluated. 1In addition, the pattern factors, P+, are defined for two

dimensinnal elements [73] as

' A A oA
Py =U'(T1Y,‘GT _zp dp _Z dp' J(p,'p) e*Y(PPIPIP)ers (D.30)
P P
It should also be pointed out that in Equation (D.29), Ty and T are the
effective E-field reflection coefficients which account for multiple
reflections and stratified dielectrics. Note that Ty and Ty depend on
the summation indices, k and n.

To find the field from an array of slots modelled as magnetic
current dipoles on a ground plane, we use the duals [74] of Equations
(D.28) through (D.30) and allow the array to approach either the left or

right interface. Note that the interface will be a conducting wall.

Thus, in the plane of the magnetic radiators

-Y(xry + zr;)
Hix,y)| = k(0,00 Yo 1] @ R (kyn) , (031
kn Fy

and
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oA ~ -y2y2r -y2y'r

R(k,n) = = [1n+ = n- (Tp e ad y][lp+ - 1P-e Y y]
’ "'Y2dry
- - T ifhe
S -¥2y2r -¥2y'ry "
4 Line = 0o T e 1P+ - 4P- e V] .
-Y2dry l (D.32)

L-yTaafp e _

In Equation (D.26), the fact that 5 and 5' have no y component has been

'used to obtain

g o

p p +p'ryt)
Po=P=_L __ [ dp | dp' K(p,p') e¥(PTP*P'"p (D.33)
* K(0,0) -z, -

]

where rp and rp' are obtained from Equations (D.20) and (D.21) as

rp =p °r:

1]
©

 (xrxtypytzpz)

~

=p e (pcose+6'sin9)r #r +(5sin6-6'cose)r )
X Yy z

rxcose + rzsine ’ (D.34)

and similarly,

rot = r,sin® - rcoso . (D.35)
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The last necessary piece of information is the form of the magnetic
current distribution, K(p,p'). This can be obtained from the aperture
E-field distribution of Equation (D.19) using the equivalence principle

[75]. This yields

K(p,p') = -n x ETp,p'),

aperture
R o -
= = (%y) x ‘p' ?%ET D(p)
|_ -
-~ Vp
=+ p 2557 0(p) (D.36)

where the minus sign is used in region 2 and the plus sign in region 3.
The necessary terms to evaluate the power loss in region 2 can now
be defined (see Figure D.6 for the dimensions and illustration of the

reflection coefficients). For region 2 we have

K(p,p') = -p %%;7 D(p) , (D.37)
and

yl > do

y2 »0 . (0.38)

Using these expressions yields,

-y =Y Y (xroy
A, (x;z) = I '?E—D(O)l 2c_y e
2 surface 2 I_ %' _I DDy & n

+zr,_)

22" R, (k,n)
f‘zy
(D.39)
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where Yo is the admittance of the dielectric to the left (see Figure

In addition,

D.6) of the slotted surface.
-v22d2r2y]

[1n2+ = 1n2- x yTop 1[1P2+ = 1P2- x 1T23 e

ﬁ‘z(k,n) = - Y 2d
- r
1 - iToa 1T2n e ety
A ~ -Y22d2|"2
» [in2s = 2o x 4 Top ][ P2+ = 4P2- x T2 e Y]
=y22dorp (D.40)
1 - yr2a T2 e - <
and
L p - -
p D ' .
PZi‘ = 1 f dp f dp' - \2’% D(p) eYZ(pr2p+p r2p )
- - =2 -2, p'
Yo (o) PP _ _
28!
?p p ?p'd . _V D(p)_1 v2(preptp'rap*) (D.41)
p p T#l—(“y e .
—2' _2 ' pD 0
p p _ _
where
r2p = Toy coso + r22 sin®
Fapt = T2 sin6 - r,, cos® (N.42)
The surface current in region 2 is thus,
st(X,Z) = =y X Hz(xsz) i
surface
-V - Yoc o Y2 (XM tzra,) - -
= 2%57 D(0)| 20,0, L1 . y x Ry(ksn) (D.43)
k n 2y
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where it is important to remember that rpyx, rzy and rz; depend on the
summation indices k and n.

Equations (D.40) through (D.43) can be slightly rearrénged by
shifting the factor (1/2 g2p') from Equation (D.43) to (D.41) yielding

Y Yo (xrp tzry,) N
= D 2c e (D.44)
Tasto) = 10, 0(0)] ple ) e 208 T, (k,n)
Qlk,n) =y x Ry(k,n) (D.45)
) ! - ]
P p Yo(pro +p'roy 1)
p,. = 1 [ dp [ dp* | YpR(p) ’ 220 " 2p

Yol 4Ty “Yoh ity | 2 Yo I
e2p2pt _ o2 T2p | | Yp0ip) ‘ 0202 4

ZYzzp.rp. l _gp Vp D(0) ,
.- _
. Plv,D ‘ YopT2p
= S1nc(y22p.r2p,)-£ i D(8) ) e W4y, (D.46)
p

where we define

Sinc(x) = sinh(x) ' (D.47)
X

and sinh(x) is the standard hyperbolic sine function. It is also

fairly easily seen that
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-y, (pr, +p'r, )
_— ' - . Y2C e Y2 2p 2p
Tas(Pop') = Wy D(0)] it L L "2y P20mey ag)

The power Tloss in region 2 may now be easily written as

R. | Dy/2  Dz/2 _ 2p n" » 7
PLy =2 [ dx [ dz|T, (x 22 - [dp [ dp 1355 (psp ") .
2 -D /2 -D_/2 S SR I l
| x z p P |
(D.49)
For the first integral, we have
Dy/2 D,/2 ,  Mx/2 D2
[ dx [ dzlﬁés(x,z)| = [ dx [ dz ﬁés(x,z) . ﬁés(x,z)
-DX/2 -DZ/Z -DX/Z -DZ/Z
= v - n(0)]? Yo |? 1101 Ta(k,n) Tp(m, 1)
P 4D202 knmi 2y(k n)r (m i)
Dy/2 * * N,/2
c emlverax(kan)-verax(m, i) Ixg, o~ [veraz (,n)-varzz (m, i) Jz,,,
-D /2 -D_/2
X z
|V R D(0)|7 1Y2c| 2 z Z z -Q_z(k,n)-(_)-;(m,i)
202 k nmi rzy(k,n)r;y(m,i)
P ex ]
* D_Sinc ‘ _2_X- (Yz 2X(k n 'erzx(m 1))
I_ _
I N
+ D, Sinc ‘ = (Ygra, (ksn)- Y2 22 (m, i )} . (n.50)
_
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Similarly for the second integral

o Ap! > 2 [Yoe|? T2 (k,n)+Ta(m, 1)
['dp [ dp*[Tpgp,p" )11V e (0)) " 2 T [ ) [ 2ol 2
RN 4n2nZ k nomi rzy(k,n)rzy(m,T)
Q’P . zp- ' * % | . \
. [e-[varzplon)-varay(mi) oy, 1 o-[varzp: (kon)=varzp (m,i)]p! o)
-2 =%
p p
2 = *
v 12 Mecl” 575y Qalk,n)-Q2(m, 1)
p 2 2 . * .
4D2DS ko n m i rzy(k,n)rzy(m,1)
-
. Zzp Sinc | 2

N
5 (1arap (kam)=Tprg (m,1) )|
|l

) l * % .
d 22p Sinc l zp'(Y2r2p'(k’n)_Y2r2p'(m’1))
|

(D.51)

Thus the power loss in region 2 is given by
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— .
7115 Qo(k,n)*Q2(m,i)
nm i rzy(k,n)r’z‘y(m,i)

+| DD Smc(g (vpr 2x(k,n)-\(;r‘;x(m,i)DSinc (l;_Z(erzz(k,n)-Y;r;Z(m,i))>

‘ ) * * .
» =420, Sinc <2p (erzp(k,n)-erZp(mn))

Sinc <2p|(Y2r2pl(kan)'Y;r;p'(m’i))> ’
l

. (D.52)

Note that in region 2, the reflection coefficient on the right boundary,
I'2h, Wwill be approximately unity since this is a metal wall.

A similar analysis in region 3 yields

R 2} V32 T Bm, i
Py = 35 1V D(0)] | gcl2 D) Qs(k,n)-Qi(mn?
4D2D% Kk n m i r3y(k,n)r'3y(m,1)

»| D,D S1nc<2 [Y3 3x(k n)- Y3 3 (m, 1)))S1nc<¥(v3r3z(k,n)—Y;r;Z(m,i))>

. -42pzp. Sinc <£p (Y3 3p(k n)- Y3r >

Sinc <2p.(Y3r‘3p 1 (kon)- Y3r'3p (m,i ) ‘ (0.53)
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where

Q5(k,n) = -y x Rg(k,n) , ~ (D.54)
n n ~Y,2d,r3
3773 %Y
Ry(ksn) = [1n3+ - 1n3- 1T3p e 1[1P3+ - 1P3- 1'3a]
=Y,2d,r
1-4r3a Mpe 3 3%
-~ ~ "Y 2d r3
3773 % v
+ Lin3+ = 3. r3p e 1[4P3+ = 1P3- 1T3a]
=Y,2d,r
1 -3 iT3p e 3 3% (D.55)
Pay = Sinc( y 100 | (D.56)
= Sinc(yq2 41 e dp . .
3 ') | o

Note that for region 3, the lefthand boundary reflection coefficieﬁt,
I3a, Will be nearly unity since now this wall is a metal.

The total power loss is found by summing Equations (D.25), (D.52)
and (D.53), the result of which is equated to the equivalent loss power

to yield

+
o
|

G 2
= = |V(0
5 1V(0)]

GL . 2 n,57
_§_|vp D(0)|“ . ( )

Solving for the equivalent loss conductance yields
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6 = Rg 1 2t Y2 12 ) (22.,) | 1 30(p) |?|
[D(0)]2 (2¢_,)2 |Juwm Ye ® | [p=¢
p *p
+ f 1 ME_‘ dp
- Ye
. 17111 ’Y l2 T (k,n) T (m, )
4DXZD§ nmi rzy(k,n)r‘;y(m,i)

. D * k . . D * k .
DXDZS1nc<_2_X_( erzx(k,n )-erzx(m,1 )>S1 nc <?£(er22 (k,n)-erzz(mn ))>

- * * L3
. -4zpzp. Sinc <2p (erzp(k,n)-erzp(mn)))
) * % . '
Sinc (2p.(¥2r2p.(k,n)-Yzf‘zp-(mﬂ)) .
_l

2 Qa(k,n)-Q3(m,1)
(kon)r3, (m, 1)

+
Ve -
3y

5 0 sine(x * % N /D, I

D, Sinc _?___(Y3r3x(k,n)-~{3r3x(m,1)) S1nc<.2_(Y3r3Z(k,n)-Y3r3z(m,1))>
2 si ( Kon)=Yara (m,i
- 2p2p| inc <2p Y3r3p( sN -Y3r3p(m91 ))>

S. (k ) * % . —I

inc <2p.(Y3r‘3p. WN -Y3r‘3p.(m,1))> | . (.58)
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It is important to note that when evaluating the first two terms in
Equation (D.58) involving the distribution D(p) it is necessary to use
the effective propagation constant, vs. 7Ye shou1d'a1so be used when
evaluating the pattern factors given by Equations (D.46) and (D.56).

As mentioned previously, the two favored choices for the
djstribution D(p) have been the sine mode, Dg(p), and the cosine mode,
Dc(p), given by Equations (D.2) and (D.3), respectively. Using these
distributions, several of the terms required for evaluation of Equation
(D.58) may be obtained. These terms will now bhe presented for each
distribution. Since the mathematics involved are fairly straightfofward
only the results are presented.

For the sine mode, Dg(p)

2 2
| 1 8s(p) |7 | = | cosh(vedlp) | (D.59)
| Yo 3 | | sinh(y 2 | ’
— (v, pe)
2 2 | “sinh(2a 8 )-sinh(2a A2
fP 1 s (p) | i - 2 | ( o Pe) ( o p)
-2 |l v 3 | sinh(y & )|? 20p2
- e [sin (Ye Pe)l ~ p
in(28 % . - sin(28 AL ) |
. sin(28, o) sin(28, p) | ’ (D.60)
2Bap { _
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cosh(Yezpe) - cosh(y_A2 -erzpzp)

S, - {sinc(varop1ap1)} e™p
sinh(Yezpe) ||_ (v2rzp*e)
cosh(yezpe) - cosh(YeA2p+Y2r2pzp) l (D.61)
(Y2rzp-Ye) ‘
and lastly,
. |~ - AL - ,
p3, = sinclrargpiap)} | cosh (T b ) = Cosh(rg 84,75y )
- sinh(y. % ) (v3r3p*ve)
e Pe _
) cosh(yezpe) - cosh(yeAzp+Y3r3p£p) i . (D.62)
(¥3r3p-ve) }
Similarly for the cosine mode, Dq(p):

D 2 . 2

{ 1 0c(p) ; | = } sinh(vetp) ; , (D.63)
e 9P cosh(y_ 2 )-1
p:igp (Ye Pe
) 2 o in(28 2 ) |
fp 1 Dc(p) | dp = n | sinh(2casp) _ sin( Pe pe) |
-zp Ye o | |COSh(Ye2p )-112 2oglp 2Balp
e

(N.64)



{sinc(v,r, vt )} |7
P;+ = 22'p . 2cosh(Yez )sinc(yzrz 2 )
- sinh(yezpe) - Pe PP
- sinc((Y2r2p+Ye)zp) - sinC((erzp-Ye)zp) y (D.65)
and
{sinc(y r KNS - )
pS P P « | 2cosh(y_2_ )sinc(y,r, 2)
KE Si”h(Yezpe) B e e 3 3p7p
- sinc((y3r3p+‘ye)2,p) - SinC((Y3r3p"Ye)2p) R (0.66)

2. Thick Lossy Slots

The geometry is the same as that shown in Figure D.4 but now the
restrictions on t (the slot thickness or depth) are relaxed. If t
becomes appreciable, then the slot voltages on each side of the surface
may be different. Thus, it is necessary to place a different voltage
mode on each side of the slot (possibly several modes for long slots)
for which a mutual admittance must be determined. When finding the
equivalent loss conductance for this case it is necessary to find values
for the left (-y side) and right (+y side) sides. For the thin slot we
had an interior region and two exterior regions for one mode. For the
thick slot, the "left and right" modes will each have one exterior

region and one interior region. Note that for the left mode exterior
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region, the loss term is identical to that found for region 2 of Section
2. For the right mode, the exterior loss term is the same as for region
3. To simplify the analysis, note that the power loss for the interior
region is the same for the left and right modes except for the magnitude
squared of the mode amplitude. Thus we need find only one new term:
the interior loss term.

The geometry and dimensions of a thick slot are shown in Figure
D.8. Note that the magnetic current mode is still in the 5 direction.
To find the interior loss we must find the magnetic fields in the
interior region radiated by the assumed magnetic current (voltage) mode
in the presence of the four conducting walls. The effects of the walls
can be modelled using image theory [76] to obtain an infinite array of
magnetic current sources as shown in Figure D.9. This technique has
been nreviously used to evaluate the mutual coupling terms for the modes
on each side of the slot [77]. Note that all the images seen in
Figure D.9 are in phase. Thus we can look at all these images as an
infinite array of currents excited by a field incident normal to the
surface. Thus Sy and S, defined by Equation (2.4) are both zero for
this array. The field in the interior region can now be found using the
results from the previous section for the region 3 Tloss. The model
geometry is shown in Figure D,10. For this situation, both the
reflection coefficients, T and I'g will be approximately unity. From
Figure D.10 it can also be seen that we must make the following

substitutions to obtain the interior fields from the region 3 analysis:
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Figure D.8. Geometry of a thick slot.
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(b). The magnetic mode and its images.

Figure D.9. Modelling the effect of the thick slot walls using image

theory.
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-(ﬁ'- R') = xx +yy + zz ‘ (D.67)

and

8 = 7w/2

x =p'

z=p

Dy = 4oy

D, = 41,

d3 =t . (D.68)

Equation (D.67) has assumed that the reference point of the reference
element is at the coordinate origin. In Equations (D.68) it has been
assumed that the basic element or voltage mode covers the region
[-zp <p <3, 28 < p' < 22p']. If this was not done then we would
have to look at the sum of fields radiated by two overlapping infinite
arrays. Instead, this effect is taken into account in the pattern
factor for this region with a mode distribution given by D(p) for
[-2p < p < 2p] and by -D(p-22p) for [2p < p < 3gp].

The resulting field inside the slot is given by

-Yl(xrleyr1y+zrlz)

= . Y1c e R
A (x,y,2) [Vp D(0) ] ACTm I Cm E g . 1 (ksn)

(D.69)

where



A~ ~ -letf‘ly
R (k,n) = [in1+ = 1. TR e 1[1P1+ = 1P1- 4TL]

-Y12tr1y
1 - LFL lI'R e
~ ~ -Y th‘
1 1
+ Linl+ - yn1o gyrp e Y10aP1+ = wP1- 47L)
-v12tryy (D.70)
L-yT e

and the pattern factor is defined over the region shown in Figure D.11

as

Figure D.11., DNefinition of the region for the interior pattern factor.
The shaded region defines the reference element
[-25 < p <385, -24p' <p' < 28p']. The box is the

original slot position.
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200" 1™ 2
P Yl lf'l ' p Yl rl
P, = 1 [ e P g ] [ v ep(0)e PP gp
1% Tjn;qTUTYT -2£p. _zp p
32 -
p Y.
- [ v.D(p-22) e P IP g4y
. P p
p |
) 42p.-sinc(7122p.r1p.) _; lezprlp Lp Ylprlp
= -e [ [V_<D(p)e dp .
I.Vp'D(O)J -1 p

P
(N.71)

Due to the symmetry in the image sources (see Figure D.9), the
magnetic fields along the slot walls are everywhere parallel to the
walls. Thus, the magnitude of the wall currents is equal to the
magnitude of the magnetic fields evaluated at the walls. Also, due to
symmetry, the magnitude of the current on fhe top wall equals that on
the bottom and the magnitudes of the currents on the side walls are

equal. Thus, the region 1 resistive power loss may be written as



2 = .
p, = (Rs) |Vp'D(0)|2 Y1c! 7753 Ruk,n)Ri(m,i)

L1 ‘o : 2 2 . *
4(42p.) (4zp) k nmi rly(k,n)rly(k,n)
et - * % S * * o
p' t =¥y (ko) =yars (m, i) Ix|| =[vqrq, (kyn)=yors (m,i)ly
c 2 [dx [ dy |e 1" 1x 1 1x |e 11y 1 1y |
-2
A Il X
- * % oy
. e-[vlrlz(k,n)-vlrlz(m,1)]zp
_ _
I3 I_- - * * . —_ - * % . —_
p t (¥ Py (kon)=yara o (nyi) 12 o || =[¥qrq, (kon)=vqr . (m,yi)]y
+2fdzfdy e 1" 1x 1" 1x P e 11)/ 11y
-2
P % 1l |
— * * ) —
- -[erlz(k’n)-erlz(m’1)]z . (0.72)

e

The integrals in Equation (D.72) are fairly simple and may be evaluated

to yield:
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777 ] Rulksn) Rilm,1)
nmi

L1 p Y *(m,i
- * * o
. ]_-e-[erly(k,n)-erly(m’-l)]tl

' [vyryy (ksn)=vyry, (my i) ] l

. * * )
4y +Sinc <1p.(erlx(k,n)-erlx(m,1))

* *
. i - D.73
* hyeeSine <2p.(vlrlz(k,n) erlz(mﬂ))) 1 - (0.73)
I

Combining this result with Equation (D.52) for the region 2 power loss

and equating the sum to the equivalent power loss in the left mode Toss

conductance we have

G 2
P+ P = 2left |y «D(0 . (D.74)
L1 Lo —7— | p (01

Solving for Gyaft yields,
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* % -—
R e-[erly(k‘,n)-erly(mn)]t ’

[vyryy (kon)=viry (m,1) ] l

' ] * * .
2p| -S1nc<2p. (erlx(k’n)-erlx(m” ))>

) * * . N
+ 4,.Sinc <zp.[erlz(k,n)-erlz(m,1))> l
|

|Y2c|2 D) Q2(k,n) Q?(m i)
4202 knmi]ry (ksn)ry (mi)

. DX0251nc<§£(¥2r2x(k,n)-Y;r;X(m,i)2)Sinc<:;£(Y2r22(k,n)-Y;r;Z(m,i)i)

. -4zpzp. Sinc <.2p (Yz 2p(k n)- Y2 2p (myi)

Sinc <:2p.(Y2 2p'(k n)- Y2 2 > . (D.75)

Note that when evaluating the pattern factors (Equations (D.46) and
(D.73) associated with Equation (D.75) it is important to use the

effective propagation constant, ve, associated with the voltage mode on
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the Teft side of the slot. Similarly for the right side of the slot,

the conductance to be added to the self admittance is given by

2 = *
8 - R ARSI S : R1(k,n) <Ry (m,1)
right SY 25622.42 kK nm i ) (m.1)
1 p mA f‘ly N Ply My 1

1 -e

K3 * * .
. R«p.'S'IﬂC <'Q'p'[erlx(k’n)-erlx(m’1))>

. * % . |
+ 2,.°Sinc (zp.(erlz(k,n)-erlz(m,1)i> l
|

2
| Y3cl )
4p2p2 n

X Z

3

) Q3(k 03(m i)
i r3y(k n)r3 (m,d)

- | DD S1nc< X(vqr 3, (ksn)- Y3r‘ (m, 1)>Sinc<%€(Y3r32(k,n)—Y;r‘;z(m,i))>
. 'M‘pzp' Sinc <9’p (Y3r‘3p(k,n)-Y;r;p(m,1’))>

, . B
Sinc <2p.(y3r3p.(k,n)-Y3r3p.(m,1'))> I (D.76)
|
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where now the effective propagation constant for the right side must be
used when evaluating the appropriate pattern factors.
Again, the region 1 pattern factors may be evaluated for the sine

and cosine modes. For the sine mode we have

L - Lp sinh(y (2. - Yy
fp I_V 05 (p)| (VIPPLp gy = [ (¥e (25 =1 1)) J1"1pP "
-x_ | _VpD(0) _ -2 sin(y.%_ )
p p € Pe
-Eosh 2 - cosh AL =v,r. %
_ ) ‘ (¥g Pe) (v, > 1 1p p)
. r\ +
s1nh(ye£pe) l—. (vir1p+ve)
) cosh(yezpe) - cosh(YeA2p+er1p2p) (D.78)
(v1rip-ve) |
which yields
. - 29 B
pS, = 2ep!-Sinc(v12tprip') | R R
- inh L
sinh(y, Pe) _ _
cosh(Yezpe) - cosh(yeAzp-erlpzp)
(Y1P1p+Ye)
_ cosh(yezpe) - cosh(YeA2p+Y1r1pzp) ‘ (D.79)

(Yl rlp'Ye) I

Similarly for the cosine mode
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2p cosh(Yezpe) - cosh(Yep) ‘ eerlpp

2
P 1=vpDe(p) Yipr
I’ECP eYIPPIpP 4 - dp
- V,D (0 - -
2p _'p _ zp B cosh(YeZpe) 1 _}
2 .
= p ‘ 2 cosh(y_ s )Sinc(y,ry. 2 )
[cosh(y ¢ ) = 1] € Pe 1 1p%p
e Pa _ -
Sine((vry,+v)8,) = Sine((vyry -vo)e,) | (.80)
and we have
3 I - 2 —
PC+ _ 42p2p. S1nc(y122p.r1p ) - eYl zprlp
2 -1 - —
[cosh (v, o) ]
.12 cosh(lepe) Sinc(ylrlpzp) - Sinc((ylr1p+ye)zp]
- S - 0.81)
S1nc((er1p Ye)zp) . (
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APPENDIX E
MID-INFRARED DATA FOR ALUMINUM AND GOLD

In this section, data for the metals aluminum and gold are
presented. Both metals are typically used for mirrors in the
mid-infrared since they have high reflectivity which is indicative of a
good conductivity. Unfortunately, data for chrome was not readily
available and even though it was used to build periodic surfaces, the
specific attributes of this metal in the mid-infrared are not known.
However, from the measured periodic surface transmittance data in
Chapter IV, it can be inferred that the mid-infrared properties of
chrome are not greatly different from those of aluminum,

Figures E.1 and E.2 present extinction coefficient data and
reflectance data [78], respectively. Using the reflectance data and
Equation (2.28), the surface resistance data of Figure E.3 was obtained.
The skin depth data of Figure E.4 was obtained using the extinction
coefficient data as follows. It is assumed that propagation is of the

form

E(x) = e=YX (E.1)
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given by
= jw '\/ uog

s 27k s 27N
J 8 + 3 £
Ao Ao

<
|

(E.2)

using the results in Appendix C. Since the skin depth, 8§, is defined to
be the distance required for e=l field strength [797 decay we have

~{2mk E.3)
el e e R |

Thus we obtain

§ = Mo (E.4)
2k
where k is the extinction coefficient.
It should be pointed out that the data in [78] are somewhat out of
date. More recent data are now available [80] but have not been
included since the metal films obtained during this study are probably

not of the quality of those in [787 yet alone [80].
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