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CHAPTER 1 Introduction

Classical electromagnetic scattering in the frequency-domain is described by Maxwell’s

equations

VXxE = —wB (1.1)
VxH = J+jwD (1.2)
V-D = p, (1.3)
V-B =0 (1.4)

along with the following constitutive relations

D = ¢ E (1.5)
= pn-H (1.6)
J = o-E (1.7)

Here w is the frequency, 7 is the unit imaginary number, E is the electric field (V/m), H is the
magnetic field (A/m), D is the electric flux density (C/m?), B is the magnetic flux density
(Wb/m?), J is the current density (A/m?), p, is the charge density (C/m?), V stands for volts,
C for coulombs, m for meters, A for amperes, and Wb for webers. Also €, u, and o are the
permittivity, permeability, and conductivity tensors, respectively. Satisfying these equations
subject to appropriate boundary conditions is sufficient to guarantee a unique solution.

One may reduce the vector-valued problem of solving Maxwell’s equations to an equivalent
scalar problem via the scalar decomposition. For a preferred direction along i, the electric

and magnetic fields may be expressed in terms of TM (¢)) and TE () scalar potentials[1]

E=V xV x )] —jwp,V x [Gy] (1.8)
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H = jwe,V x [ap] + V x V x [Gy] (1.9)
where €, j1, are the material parameters in region p. The potentials satisfy the Helmholtz
equation

(V2 + k) = s1(x) (1.10)
and

(V2 + k) = so(r) (1.11)

where kg = w?eypp and s1(r) and sa(r) are source terms.

Appropriate expansions for the scalar potentials are essential to the analytical solutions I
propose. Specifically, the set of functions must form a basis for the vector space in question.
Consider a linear operator £ : H — H defined on an infinite-dimensional Hilbert space H.

The spectrum of the operator L is defined as the set
o(L)={A e C| (L — AI) is not invertible} . (1.12)
Any X € o(L) is also a member of one of three subsets
(L) =o0p(L)Uoc(L)Uop(L). (1.13)
The point spectrum is defined as the set
o4(L) ={X| (L — AZ) is not one-to-one} . (1.14)

In this case the kernel of (£ — A\Z) is nonempty. Therefore, there exists z) € ker(L£ — \Z)/{0},
that is (£ — AZ)x)\ = 0, Lx\ = Az). Here x) is the eigenfunction associated with eigenvalue

M. The continuous spectrum is the set

(L) = {)\ | (£ — A\T) is one-to-one but not onto, and ran(£ — \T) = H} . (1.15)
Finally, the residual spectrum is the set

or(L) = {)\ | (£ — A\T) is one-to-one but not onto, and ran(£ — \T) # H} . (1.16)

For most electromagnetics problems, the residual spectrum is empty and the point spectrum
is discrete.[2] However, the discrete and continuous spectrum may both be nonempty. Specif-

“““ tor H = V? + kf, has both a discrete and continuous spectrum
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for unbounded domains. As such, both a series and integral are necessary to represent the

potential
vir) = Y- Difi)+ [ COF @S, (117)
i=1 B
However, the following key result applies to bounded domains[3]

Theorem 1.0.1 (Spectral theorem for compact, self-adjoint operators). Let £L: H — H be a
compact, self-adjoint operator on a Hilbert space H. Then there is an orthonormal basis of H
consisting of the eigenfunctions of L. The nonzero eigenvalues of L form a finite or countably

infinite set {\} of real numbers, and

L= Z)\kpk, (1.18)
k

where Py, is the orthogonal projection onto the finite-dimensional eigenspace of eigenvectors
with eigenvalue \i. If the number of nonzero eigenvalues is countably infinite, then the series

in (1.18) converges to L in the operator norm.

Theorem 1.0.1 guarantees that the eigenfunctions of £ form a basis on a finite domain. In this

case, the potentials may be represented by a discrete basis

)
U(r) = ZDifi(r)' (1.19)
i=1

In this dissertation, I use discrete eigenfunction expansions to study three electromagnetic
scattering problems in the frequency-domain. In Chapters 2 and 3, the y convention is adopted
for complex numbers, while I adopt the 2 convention in Chapter 4. Chapter 2 describes an
eddy-current coil interacting with a perfectly conducting wedge of arbitrary angle. A closed-
form expression for the impedance of a tangential eddy-current coil in the presence of an
infinite conducting wedge of arbitrary angle is derived. The truncated eigenfunction expansion
(TREE) solution given here is valid in the quasi-static frequency regime. The theory was
validated via comparison to an independent analytical expression for the impedance change
of a horizontal coil over a conducting half-space due to Burke. I present results for three
geometries: a conducting quarter-space, a conducting wedge of angle 225 degrees, and a semi-
infinite conducting sheet. Our theory predicts a measurable change in the tangent coil reactance

he pr hreeggeometries.

Ol LAC U Zyl_ilsl
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Chapter 3 discusses the control of electromagnetic edge effects in electrically-small rectan-
gular plasma reactors. Expressions for the fields in an electrically-small rectangular reactor
with plasma in the chamber are derived. Modal field decompositions are employed under the
homogeneous plasma slab approximation. The amplitude of each mode is determined analyt-
ically. It is shown that that the field can be represented by the standing wave, evanescent
waves tied to the edges, and an evanescent wave tied to the corners of the reactor. The impact
of boundary conditions at the plasma edge on nonuniformity is quantified. Uniformity may be
improved by placing a lossy magnetic layer on the reactor sidewalls. It is demonstrated that
nonuniformity is a decreasing function of layer thickness.

Chapter 4 is a theoretical investigation of extraordinary optical transmission (EOT) through
a silver film perforated by an infinite square array of circular holes. A mode-matching solution
to plane wave scattering by a silver film perforated by an infinite array of circular holes is
presented. Impedance boundary conditions are imposed on all surfaces. Theory predicts a
peak transmission value that is in good agreement with experiment. Extraordinary optical
transmission is studied as a function of film thickness, hole radius, and lattice constant. The
transmission profile position, shape, and amplitude are strong functions of film thickness, hole
radius, and lattice constant. The effect of film thickness on coupling between modes bound to
the upper and lower surfaces is studied. It is demonstrated that transmission peaks occur for
holes of a roughly constant electrical size. A relationship between the lattice constant and the
transmission-to-area efficiency is quantified. The relationship between angle of incidence and

the position of transmission peaks is explored.
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CHAPTER 2 Eddy-current coil interaction with a perfectly conducting

wedge of arbitrary angle

2.1 Literature Review

In general, eddy-current coils are positioned with their axes perpendicular to the surface
under investigation. This pancake orientation allows for good coupling between the coil and
the work-piece. However, it may be advantageous to position the coil with its axis parallel
to the surface, the so-called tangential orientation. While the coupling with the work-piece is
weaker, tangent coils sometimes allow for better probe access. In this chapter, the interaction
of a tangent coil with a perfectly conducting wedge is studied. An analytical expression for
the impedance of an eddy-current coil in the presence of an infinite perfectly conducting wedge
in a radially truncated domain has been derived. The axis of the coil is parallel to the edge
formed by the intersection of the faces of the wedge (Figure 2.1). The problem is of interest
to researchers in eddy-current non-destructive evaluation (NDE).

To find the impedance of the coil, I determine first the field scattered by a dipole in the
presence of the wedge and deduce the dipole field from a Green’s function. Integral represen-
tations of the Green’s function for an infinite conducting wedge were determined by Felsen
and Marcuvitz[4], Wait[5], and Mishustin[6]. Felsen expresses the Green’s function as both a
double improper integral and an improper integral and an infinite series. Wait’s approach also
leads to an integral with infinite limits of integration and an infinite series. Mishustin employs
analytical transformations to represent the Green’s function as a single integral with finite
limits of integration. In order to avoid integral representations I solve for the Green’s function
of a conducting wedge in a radially truncated domain, expressing the result in the form of a

series. This solution is equivalent to the Green’s function of a circular sectoral waveguide. The

Ol LAC U Zyl_ilsl
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dyadic Green’s function for a hollow circular waveguide was obtained via vector wave functions
by Tai[7]. I derive a Fourier-Bessel series representation of the Green’s function of a circular
sectoral waveguide via scalar potentials.

Solutions based on domain truncation are only valid in certain frequency regimes. In the
dynamic case, truncating the domain in the radial direction creates artificial reflections at
the truncation boundary. However, the quasi-static excitation employed here evanesces away
from the coil which means that the fields are essentially limited to a finite region and may
be accurately represented by a discrete basis. The series solution obtained by truncating an
infinite domain is the primary advantage of the 'truncated eigenfunction expansion’ (TREE)
method[8]. The TREE method has been used to solve a number of eddy-current problems.
Sun et al.[9] found the eddy currents induced in a finite length layered rod by a coaxial coil.
Li et al.[10] used the TREE method to study pulsed eddy-current systems. Theodoulidis and
Bowler[11] have applied the TREE technique to analyze the interaction between an eddy-
current coil and a penetrable right-angled conductive wedge.

This chapter proceeds as follows. In Section 2.2 I introduce the scalar decomposition. In
Section 2.3 T derive transverse electric (TE) Green’s functions for the hollow circular and cir-
cular sectoral waveguides. The potential due to a current loop in a circular sectoral waveguide
is obtained in Section 2.4. In Section 2.5, the potential due to a circular coil in a circular
sectoral waveguide is determined. I arrive at an expression for the impedance of the coil in

Section 2.6. Results for a number of wedge geometries are discussed in Section 2.7.

2.2 Scalar Decomposition

For a preferred direction along the z-axis, the frequency-domain electric and magnetic
fields may be written in terms of transverse magnetic (TM) and transverse electric (TE) scalar
potentials thus[1]

E =V xV x [2¢] — jwuV X [z¢] (2.1)

H = jweV x [2¢)] + V x V x [z2¢)]. (2.2)

Ol LAC U Zyl_ilsl
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Figure 2.1 Finite eddy-current coil in the presence of an infinite perfectly
conducting wedge.

Here €, o are respectively the permittivity and permeability of the medium. I seek a solution
for the potentials ¥ and ¢ due to an eddy-current coil whose axis is in the z-direction, Figure

2.1. The components of the electric and magnetic fields tangential to the wedge surfaces are

E. = (aa—; + k2) 0 (2.3)

o = ;;;i - quig—z (2.4)
H, = (8‘9—; + k2) © (2.5)
H,= jwe%g—i + ;jgz. (2.6)

The tangential electric field must vanish on the surfaces of the wedge at ¢ = 04 and ¢ = ¢g_.
Therefore, from (2.3), the TM potential 1 satisfies a Dirichlet boundary condition on the
surface of the wedge. Hence, from (2.4), the TE potential ¢ satisfies a Neumann boundary
condition on the surface of the wedge.

The strategy for finding the potentials is as follows. As the axis of the coil is along the z-
direction, I assume there is no z-component of the electric field and therefore 1) = 0 everywhere.
In the absence of the TM potential, the transverse electric potential ¢ is sufficient to satisfy

he Neumann boundary condition on the surface of the wedge. First,
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I derive a series representation of the potential due to a TE dipole in the presence of the wedge
in a radially truncated domain. For completeness, the TM Green’s functions for both the
hollow circular and circular sectoral waveguides are included in Appendix A. Next I must find
the potential due to a filamentary current loop in the presence of the wedge. To do so I take
advantage of an equivalence principle[12] stating that the field due to a filamentary current
is the same as that of an infinitesimally thin magnetic shell bounded by the filament. The
potential due to a circular loop is found by taking the shell to be a circular disc. Once the
loop potential is known, one arrives at the potential due to the coil by integrating over its

cross-section.

2.3 Fourier-Bessel Series Representation of the TE Green’s Functions

In this section, I propose a Fourier-Bessel series representation of the TE Green’s function
for the hollow circular and circular sectoral waveguides. I begin with the analysis of the hollow

circular waveguide.

2.3.1 Hollow Circular Waveguide

I seek a solution to

(V2 4+ k39" (p, ps, & — bs, 2 — 25) = —8(p — ps)3 (6 — ¢5)3(2 — 25) /p (2.7)

where g\ (a, ps, p— s, z—2zs)/0p = 0. An integral representation of the circular waveguide is
possible using the incident and scattered field approach. In order to avoid numerical integration
I choose to solve the governing equation directly following the Ohm-Rayleigh method [7]. The

following standard completeness relations are used in (2.7):

5600 = 5= > expl-gm(o—0,)] (2.8)
and
0(z—z5) = %/_ expyB(z — zs)]dp. (2.9)
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In this case, I also take advantage of the completeness relation for Bessel functions [2]:

1
5 m amzp (amips) (210)

2
i—1 Cmi

pps

Mg

where aun; = ¢mi/a where g, is the ith zero of the derivative of the Bessel function of order

m. Also [13]
2

a
a
| J2 (amip)pdp = —EJm(amia)JZ@(amia). (2.11)
The Green’s function may be expanded in a Fourier series in the azimuthal direction

[e.o]

90, pesd — b5z —2s) = Y gl (p, s, 2 — 25) expl—gm(d — ). (2.12)

m=—00

The unknown coeflicients are written as an inverse Fourier transform thus

1

90 (s parz = 20) = 5 /_ G5 (0, ps) explaB(z — 24)ldB. (2.13)

By completeness, the radial function may be further expanded in terms of eigenfunctions

te) l), ps Z Amz (amzp)Jm (amips)- (214)

mi

Substituting (2.12), (2.13), and (2.14) in (2.7) yields

- 1
72} Z Ami (/3) 02_Jm (amip)Jm(amips) =
i=1 mi

. (2.15)
1 1
where
10 0 m?
£2=—-Z-_ (p—) + — 2.16
pop \"9p)  p? (2.16)
and v2 + 32 = k2. By definition of an eigenfunction,
L2 (mip) = @23 m(mip). (2.17)
Using (2.17) in (2.15)
o0 o, — 2
ZAmz(ﬂ)szJm(amzp)Jm(amzps) =
= " (2.18)
1 1
_ Z 02 amzp (amips)-
i=1 i
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The orthogonality of the Bessel function implies that

Ami(B) = 55— (2.19)

Therefore, the Green’s function for the hollow circular waveguide takes the form

1 o0 o 1
(te) _ _ - - il .
9" (P, ps, ® — bs, 2 — 25) )2 > exp[—ym(¢ — ¢s)] > c?m m(Qmips)
m=—oQ =1 (220)

/OO M exp[yB(z — z)]dB.

oo Qi — 2

Using the definition of ~, equation (2.20) may be expressed as

0 e = b= 2) = g Y explogmlo = 0u)] 3 o Dlamip)
m=—00 i—1 ~mi (221)
/ % explyB(z — 25)|dp.

The denominator of the integrand may be factored thus

—_

1 0 )
g(te) (p7 Ps> ¢ — g, 2 — Zs) = W Z exp —Jm ¢ Os ] Z 02_ Oémzps
m=—0o0 =1 mt

/OO Jm(amip) exp[yB(z — zs)]
NS (/3_ k2 — a2, ) (ﬁ_ﬂ/k?—a )

As no branch cut occurs in the integrand of (2.22), the integral may be evaluated via the

(2.22)

dg.

residue theorem [14]

o oo

U
g(te)(p7 ps‘,d) - (bsaz - ZS) = Z eXp[ Jm d) ¢s C;m amzp J (amips)'
m=—o0 i=1 "
exp {]\/l@ — a2 (2 — zs) ] (2.23)
k? — a72ni

where

Lo <k
e (2.24)
ﬁ Qi > k.

The above assumes that the wavenumber k is real.
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2.3.2 Circular sectoral waveguide

The derivation for the circular sectoral waveguide is similar to that of the previous section.
The direct Ohm-Raleigh method obviates the need for an integral representation of the Green’s

function. The governing equation is again

(V2 +E)GY) (p, s, d = b2 — 25) = =0(p = ps)3(¢ — 6:)0(2 — 25) /p- (2.25)

I have Neumann boundary conditions on the surface of the wedge 9G(t€) (p, ps, 0 — s, 2
25)/0p = OGO (p, ps, o — bs, 2z — 25)/Op = 0 and on the walls of the guide IG) (a, ps, ¢ —
¢s,2—25)/0p = 0. Again, I choose to solve (2.25) directly. To this end, I propose the following

FEigenfunction expansion of the Green’s function

G (0 Pss @ — sy 2 — 25) ¢O7T Z Z amzps ) cos(ug) cos(pps)-

m=0 i=1 m; (2.26)
/ ulomib) o o8z — =2))dp.
—oo Qi — ’Y

Here ay; = qui/a where q,; is the ith zero of the derivative of the Bessel function of order

w=mm/¢o and

a a2
= /0 Ji(amip)pdp =3 [Ji(amia) — JM+1(amia)JM_1(amia)] ) (2.27)

In order to satisfy the Neumann boundary condition on the surface of the wedge, a Cosine

basis is chosen in the azimuthal direction. Again, the integrand in (2.26) may be factored

G (p, ps, & — s, 2 — 25) ¢0 Z Z p(mips) cos(ue) cos(pgps)-

mOzlm"

/ > Ju(amm) exp1B(z — 2s)] a5,
(o) (o= o=t
(2.28)
The residue theorem implies that
G (p, ps, & — bg, 2 — Z Z i pw(mip) T (oumips) cos(pg) cos(pgps)-
e i e (2.29)

exp |:] k% —a? (2 — zs)]

VR - Ui
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where if m > 0

.
P L (2.30)
\% Qi > k.
If m = 0, the normalization is given by
¢
P T (2.31)
kﬁ g > k.

2.4 Potential due to a current-loop inside a circular sectoral waveguide

Figure 2.2 Loop Geometry

In this section I consider the total potential due to a current-loop of radius b radiating
inside a circular sectoral waveguide, Figure 2.2. The potential due to the loop source may be

derived from the TE Green’s function of Section 2.3

G(te)(l)a Psr @ — s, 2 — Zs) = Z ZCQ_Jp(amiP)Ju(amips) COS(M‘b) COS(M¢3)’

m=0i=1 M

exp [—]m& - zs)] (2.32)

The first step is to use the addition theorem to establish a new coordinate system at the center

ion theorem may be used to shift the expansion to the center of the

www.manaraa.com



13
loop|[15]

Ju(amips) COS(M¢3)= Z Jv(amipcs)'],u—v(amipc)'
v=—00 (2.33)

{cos|(1 — ) (—6c)] cos(vSes) + sin[( — v) (~c)] sin(ves)} -

I are free to substitute (2.33) into (2.32)

0o o0 . exp [ m(z — zs) ]
G (p, pes 6,602 — 2) = 3 S 03 (i) cos (1) -
gy

{cos[(1 — v)(=¢c)] cos(v8des) + sin[(p — v)(=¢c)] sin(v€2es) } -
(2.34)
Per the magnetic shell model, the potential due to the loop current is obtained by integrating

(2.34) over a disc of radius b centered on p.

SOL(/)7 P07¢7 ¢C7Z - ZS) =

27 b
/ dQCS / d’ocsPCSG(te) (p? Pc ¢a ¢c7 = ZS) =
0 0

exp =1 /k? —a? (2 —z
S5 B i) cos(iud) - d

' 2.35
m=0 i=1 Cmi JEk2 — a2, (2.35)

[e.9]

Z J,u. v amzpc / dpcspch (amipcs)'
o 2m 2w
{cos[( v)(—de)] ; dQes cos(vQes) + sinf(p — v)(— )] ; dQes sin(vch)} .

Only the v = 0 term remains after the integral over (2.4 is carried out

(;OL(/)? Pc ¢7 ¢C7Z - ZS) =

LN exp | =g/ k? — (= — )
2r ) Y %Ju(amm) cos(pg) [ ] : (236)

; ; 2 _ A2
m=0 i=1 T k Qi

b
J,u(amipc) COS(M¢C)A dpcspchO(amipcs)-
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The integral over p.s may be evaluated analytically ([16], 5.56(2))
QDL(p7 pC7 ¢7 ¢C7 zZ— ZS) =

© >4 exp[ \/7,27”(2—2’5]‘
QWT;); ::J p(amip) cos(pe) \/7

le (Oémz b)

mi

(2.37)

Ju(amipe) cos(pde)
2.5 Potential due to a circular coil inside a circular sectoral waveguide

The potential due to a circular coil of N turns may be derived from the expression for the
loop-potential (2.37) by superposition. I integrate (2.37) over the the loop radius b from the
inner radius of the coil 1 to the outer radius r9. Similarly, the loop potential is integrated

over the source point zs from the lower surface of the coil z; to the upper surface zo

@C(P, Pes @, ¢072) =
27”/22 2 ,B amzp) COS(HQS)Qmi(Z: 21522)' (238)

m=0 i=1 Cmi
Jﬂ(amipc) COS(,ud)C)/ dbw
71 [67%°Y
where the turns density » = N/[(25 — 21)(r> — 1))

(

{exp[)Bmi(z2 — 2)] — exp[=1Bmi(z — 21)]} /1Bmi z >z

Qumi(2,21,22) = { {2 — exp[—1Bmi(z — 21)] — exp[1Bmi(z — 22)|} /9Bmi 21 < 2 < 29 (2:39)

{exp[1Bmi(z — 21)] — exp[sBmi(z — 22)]} /7Bmi z<z
and B = /k? — a?,,. The integral in (2.38) may be computed analytically ([16], 6.561(1))

0c(p; pe; @, Ge, 2) =

2 mi mi\~ <1, : .
71'1/m20; anzﬂmz (amip) cos(pd) Qi (2, 21, 22) (2.40)
Ju(amipe) cos(pde) Xmi(r2, m1)
where
1 3 5 1 3 5 1
Xmi(T2,71) = 5 [1F2 (5;2; 271 %ﬂ%) ry —1Fs (5;2, 271 %M%) 7'?] . (2.41)

ypergeometric function.
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2.6 Impedance

Next I calculate the impedance of the coil in the presence of a conducting wedge. I must

calculate the flux linked by the coil. First I apply Graf’s addition theorem to (2.40)
@C(pv Pe; ¢ ¢Cv Z) =
2mv Z Z (:2 5 Z Jo(mipeo)d p—v(@mipe)-
mi

m=0i=1 mi v=—00 (2.42)
{cos[(u = v)(=¢c)] cos(veo) + sin[(p — v)(=de)] sin(V2e0) } Quni (2, 21, 22)-
Julamipe) cos(pude) Xmi(ra, 1)
The flux linked by a single circular filament of radius rg at z = zp may be calculated by

integrating the z-component of the magnetic flux density

153 (pca ¢c) =
2w pov Z Z C2 ,8 Z mz/ dQco/ dpcopco v amzpco)J,u v(amzpc)
m=0 i=1 mi V=—00 (2.43)

{eos((1 — v)(=de)] cos(v8leo) + sin[(p — v)(—=¢c)] sin(vEeo) } Quni(20, 21, 22)-
Ju(amipc) COS(N(pc)Xmi (T27 7‘1)

Again, only the v = 0 survives the integration over €2,
@ (:007 d)c) =

27T MOV Z Z CQ /B'rm amz (

m=0i=1 mi

amipe) cos|(1) (=oe)] (2.44)

0
J,u(a’mipc) COS(M¢C)Xmi (7'27 Tl)Qmi(zm 21, 22) / dpcopcoJO(amipco)~
0

Evaluating the integral over p., analytically yields

(IDL(pca ¢c) =

27r OVZ Z c2 B?m mz u(amiPC) COSQ(N¢C)Xmi(T2>T1)‘ (2.45)

m=0i=1 mi

rod1(amiro)

Qg

Quni(20, 21, 22).
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The total flux may be obtained by integrating (2.45) over the cross section of the coil

(I)C(pm d)c) =

(27) por? Z Z 2 5 aszi(O‘miPC) cos” () Xmi(ra, 71)- (2.46)
mi

m=0i=1 mi

79 . z2
/dmw/ d20Qmmi(20, 21, 22).-

1 Qi 1

The integral over z may be evaluated based on the definition of Q,,,;(z, 21, 22)

(I)C(pm ¢c) -
= o= i
1/2 Z Z 2 gmz J2 amipc) COSQ(M(ZSC)X?M(T'Q,TD. (2.47)
m=0 i=1 m mi
( (Z;B;ZZI) 52 {1 — exp[sBmi(z1 — zQ)]}>

The induced emf is related to the flux by a time derivative

VC(pC7 ¢c) - IZC(pc; ¢c) =

dml amz
— gwI(27)?pov? Z Z 2B 2 (mipe) cos” (pde) Xomi (ra, m1)- (2.48)
m=0 i=1 i
2(22 — Zl) 2
—— =+ —— {1 — exp[yBmi(z1 — 22 .
(P22 2 et — =)
Finally, the impedance is given by
ZC(:OC, d)c) =
, 02 ) , , (2.49)
— gw(2m)? pov Z Z 5sz (amipe) c08™ (e) Ximi (T2, 71) Umi (21, 22)
m=0 i=1 me
where
2(z0 — 2 2
Uni(z1, 22) = (% + 7 {1 — exp[)Bmi(z1 — 22)]}) . (2.50)

2.7 Results and Validation

2.7.1 Validation

Validation of the TREE method presented in this chapter was accomplished in the following
way. When the wedge angle ¢ is set equal to 7, the geometry reduces to a tangent coil over a

was compared to an integral expression for the impedance change
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of a horizontal coil over a conducting half-space derived by Burke[17] (See Figure 2.3). One

observes excellent agreement over a range of distances from the conductor (lift-off).

Reactance variation

AX (Q)

-1 —TREE method
3 A Burke theory

30 35 40 45 50
lift—off (mm)

Figure 2.3 Theoretical reactance change as a function of coil lift-off using
TREE method (blue line) and Burke theory (red triangles).

2.7.2 Results for wedge angles of 225 and 270 degrees

offset

Figure 2.4 Quarter-space Geometry.

A number of wedge geometries were studied. First consider a coil above a quarter-space

conductor (Figure 2.4). The excitation is provided by coil C5 at 850 Hz. In order to compute
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the impedance of the coil, equation (2.49) was implemented in MATLAB. The domain was
truncated at a radius a = 200 mm. The summation over the azimuthal harmonics was limited
to 45 terms. For each azimuthal basis function, 40 zeros were included in the summation. The
change in impedance of the coil is shown in Figure 2.5. The conductor is in the right half-
space where the coil position is positive. Away from the conductor (negative coil position),
the impedance is nearly unchanged from the free-space self-inductance of the coil. As the coil
moves over the edge of the conductor, currents induced on the surface of the metal decrease
the flux linked by the coil and the impedance drops. As the coil moves away from the edge,

the impedance approaches that of a coil over a half-space conductor.

20 -10. 0 10 20
coil position (mm)

Figure 2.5 Reactance variation with coil axis position relative to the vertex
for wedges of angle 225 (solid line) and 270 (dashed line) degrees
for coil C5 excited at 850 Hz and a lift-off of 20 mm.

Figure 2.5 also shows the reactance variation for the C5 coil in the presence of a wedge
of angle 225 degrees. The coil movement and position is the same as for the quarter-space
geometry. I observe that the impedance change is slightly greater at the initial position than
for the quarter-space geometry. The wedge is initially closer to the coil for the 225 degree wedge
than for the 270 degree wedge. The proximity of the wedge face accounts for the slightly larger
|AX]. As the coil moves toward the vertex of the wedge the impedance is driven down. The

transition is somewhat more gradual due to the smaller wedge angle. Away from the vertex

over the wedge the impedance again approaches that of a coil over a perfectly conducting

Ol LAC U Zyl_ilsl
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half-space.

2.7.3 Conducting Sheet

offset

Figure 2.6 Conducting Sheet Geometry.

Next I consider an eddy-current coil interacting with a conducting sheet, Figure 2.6. The
wedge reduces to a conducting sheet when the wedge angle ¢¢ equals 27. Again, away from
the sheet the coil impedance is unchanged from its free-space value. As the coil moves over
the sheet the impedance drops in accordance with Lenz’s law (Figure 2.7). Here the edge
singularity is relatively weak as the field produced by the coil is entirely TE,. Away from the

edge the impedance again approaches that of a coil over a conducting half space.

20 -10. 0 10 20
coil position (mm)

Figure 2.7 Reactance variation with coil axis position relative to the edge
of the conducting sheet for coil C5 excited at 850 Hz.
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2.8 Conclusion

A closed-form expression for the impedance of an eddy-current coil in the presence of an
infinite conducting wedge of arbitrary angle has been derived. The TREE solution given here
is valid in the quasi-static frequency regime. My theory was validated via comparison to an
expression for the impedance change of a horizontal coil over a conducting half-space. Three
geometries were studied: a conducting quarter-space, a conducting wedge of angle 225 degrees,
and a semi-infinite conducting sheet. The theory predicts a measurable change in the tangent

coil reactance in the presence of all three geometries.
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CHAPTER 3 Control of electromagnetic edge effects in electrically-small

rectangular plasma reactors

3.1 Literature Review

Plasma enhanced chemical vapor deposition (PECVD) of thin films may be achieved via
rectangular parallel plate reactors. In a typical system, a neutral gas is pumped into a vac-
uum chamber. The gas passes through an RF electrode with a showerhead and is ionized by
an electric field to form a plasma. A narrow space charge sheath forms around the plasma
near hard surfaces. The material to be deposited is accelerated across the sheath toward the
substrate. By-products are pumped out of the chamber to maintain vacuum. Many industrial
applications require thin films to be deposited uniformly across the surface of a substrate.
Solar cells require layer thicknesses that are uniform to within +10%. Nonuniformity less than
+5% is necessary for thin film transistors for flat screens. However, practical reactor systems
exhibit variations in the electric field that lead to non-uniform deposition.

The electromagnetic fields inside the reactor may be decomposed into standing and edge
wave components. The standing wave results from the superposition of traveling waves origi-
nating from the feed and propagating in opposite directions. Edge waves are evanescent waves
that decay from the plasma edge toward the center of the reactor. For large-area reactors,
variations in the standing wave across the electrode surface contribute to nonuniformity. The
standing wave voltage distribution across the electrode without plasma in the chamber was
studied theoretically by Sansonnens et al.[18] Voltage uniformity across the electrode was ex-
amined as a function of frequency and feed position. Determining the influence of a plasma
on the fields in a rectangular reactor is challenging. A numerical quasi-planar (QP) model has

been used to study the standing wave in the presence of a plasma.[19] The QP model was used

Ol LAC U Zyl_ilsl
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to calculate an electrode shape that suppressed the standing wave to improve nonuniformity.
Chen et al. study the effects of an inhomogeneous plasma via full-wave simulations that couple
Maxwell’s equations to transport equations for charged and neutral particles.[20] The behavior
of Hy plasmas in a reactor of area 3.05 x 2.85 m? is examined over a range of frequencies from
13.56 MHz to 200 MHz.

Analytical studies have concentrated on cylindrical reactors. Lieberman et al. leverage
mode-matching techniques to study standing wave and skin effects in a cylindrical reactor.[21]
In their non-self-consistent approach, the plasma is modeled as a homogeneous slab consisting
of a free electron gas. A transmission-line formalism was used to study standing wave and skin
effects. Chabert et al. study the standing wave in a cylindrical reactor via a self-consistent
approach that includes local particle and energy balance in the sheath region.[22] The electro-
magnetic fields are calculated based on a nonlinear one-dimensional transmission line model.
Sansonnens et al. study standing wave suppression in a cylindrical reactor without plasma.|[23]
They demonstrate that a Gaussian electrode shape is optimal for standing wave suppression.
Chabert et al. confirmed that a Gaussian is the optimal shape with plasma in the chamber.[24]
The effect of electrode asymmetry on the fields in a cylindrical reactor has also been analyzed in
terms of eigenfunctions.[25] Asymmetric electrodes force the current to redistribute itself along
the plasma to ensure current continuity, the so-called telegraph effect. The telegraph effect
dominates standing-wave nonuniformity for asymmetric cylindrical reactors at low frequency.
Dispersion relations for even and odd standing wave modes have been derived.

While the standing wave is of primary importance for large-area reactors, edge waves
dominate nonuniformity for electrically-small reactors. In this chapter, I study the standing
and evanescent waves supported by an electrically-small rectangular reactor with plasma in the
chamber. Unlike previous quasi-planar approaches, my model includes edge-effects due to the
reactor sidewalls. Modal field decompositions are employed under the homogeneous plasma
slab approximation. The plasma density remains relatively uniform so long as the dimensions

of the reactor remain small with respect to wavelength (less than A/10). I determine the

amplitude of each mode analytically and show that the field can be represented by the standing

Ol LAC U Zyl_i.lbl
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wave, evanescent waves tied to the edges, and an evanescent wave tied to the corners of the
reactor. Uniformity may be significantly improved by introducing an impedance boundary
condition (IBC) at the plasma edge.

This chapter is organized as follows. In Section 3.2, I introduce the scalar decomposition
used to represent the fields. In Section 3.3, I determine the Fourier series coeflicients of
the standing wave in the sheath and plasma regions. Section 3.4 describes the influence of
evanescent waves on the total field. I solve for the evanescent wave coefficients given impedance
boundary conditions at the plasma edge. In Section 3.5 I present the results for a number
of reactor dimensions. The impact of the impedance boundary condition on uniformity is

quantified. Section 3.6 summarizes my results and conclusions.

3.2 Scalar Decomposition

For a preferred direction along the z-axis, the frequency-domain electric and magnetic fields

may be expressed in terms of TM () and TE (¢) scalar potentials[1]
E =V xV x [2¢] — jwppV X [2¢] (3.1)

H = jwe,V x (2] + V x V X [2¢] (3.2)

where €, 1, are the material parameters in region p. In source-free regions, the potentials

satisfy the homogeneous Helmholtz equation
(V24 k) =0 (3.3)

and

(VP4 k) =0 (3.4)

where kg = w2ep,up. My strategy for determining the potentials is as follows. The total
potential is the superposition of three terms: a standing wave, evanescent edge waves, and
an evanescent corner wave. The standing wave is expanded in a Fourier series with unknown
coefficients in the sheath and plasma regions. I solve for the unknown coefficients by enforcing

opthe sheath-vacuum interface at z = ¢/2. The amplitude of the
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evanescent edge waves and the corner wave are chosen to satisfy boundary conditions on the

reactor sidewalls.

3.3 Standing Wave

Feed

Eleftrode

H—=dol —de!
Region 1 - Sheath

i

1y

Feed

¥s

(b)

Figure 3.1 Cross-sectional(a) and top(b) view of plasma reactor.

I begin my analysis with the standing wave. Figure 3.1a shows a cross-section of the
plasma reactor. The plasma is modeled as a uniform slab surrounded by two vacuum sheaths.
Changes in the plasma density caused by field nonuniformities are neglected to permit modal
analysis.[25] The unperturbed field is generated by a point current source connected to the back
of the top electrode. As the skin depth in aluminum is small at low frequencies, the electrode
may be modeled as two current sheets, one for the top surface and one for the bottom surface.

inuity are enforced at the edges of the electrode. The incident field
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coefficients A"} for this model were determined by Sansonnens et al.[18]

O (z,y) =Y AQ), exp[—ym(ma/La +ny/Ly)] (3.5)

mn

where

AO) =200 {exp[—gm(mas/ Ly + nys/Ly)]

+ exp[ym(mas/L, + nys/Ly)]}/kfﬂfoLy,

L, and L, are the length and width of the electrode, f1 = /k? — (7m/Ly)? — (7n/Ly)?,

k? = w?e1p1, and (w4, ys) is the location of the source point (Figure 3.1b). In order to facilitate

the analysis to come I change to a standing wave basis

PO (z,9) =Y a9 cos(mnz/L,) cos(nmy/Ly,)

+ b0 cos(mmx/Ly) sin(ny/Ly,)
(3.6)
+ 9 sin(mmax/Ly) cos(nmy/ Ly)
+d©) sin(mma/Ly,) sin(nmy/Ly).
For this particular excitation, bg,% = c$22z = 0. The TM standing wave in region 1 is a sum of

the incident and scattered potentials

& (z,y,2) =

Z A cos(mmz/Ly) cos(nmy/Ly) cos[B1(t/2 + s — z)]

m,n>0

+ a®) cos(mmx/Ly) cos(nmy/ Ly) (3.7)

+ Z by sin(mma / Ly) sin(nmy/Ly) cos[51(t/2 + s — z)]

m,n>0
+dO) sin(mra/Ly) sin(nwy/Ly).
The TE standing wave in region 1 may also be written as a Fourier series

o (@, y,2) =

m%O Cmn cos(mma ) L) cos(nmy/Ly) sin[B1(t/2 + s — 2)] (38)

+ Z Ay sin(mmx /Ly) sin(nmy/Ly) sin[B1(t/2 4+ s — z)].
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The fields in region 1 satisfy PEC boundary conditions on the surface of the electrode.

The standing wave in the plasma region is similarly decomposed into even and odd modes
¢2S) (.’L‘, Y, Z) =

Z Pmn cos(mmx/Ly) cos(nmy/Ly) cos(fB22)

m,n>0

+ Z Gmn sin(mmz /L) sin(nmy/Ly) cos(B22)

m,n>0

SOSS) (x7 y’ Z) =

Z T'mn cos(mmx /L) cos(nmy/Ly) sin(f22)

m,n>0

+ Z Smn sin(mmz/Ly) sin(nmy/Ly) sin(f22)

m,n>0

where By = \/k% — (mm/L;)? — (7n/Ly)?, and k3 = w?esus. The TM potential is seen to

(3.10)

be even in z. Odd modes present due to the asymmetry of the chamber are neglected.[25] I

employ the Drude free electron model[26] for the plasma permittivity

w2

€gp=1———L 3.11
= ) (8.11)

where 7, is a damping coefficient and the plasma frequency w, = 2m(8980),/n. depends on
the electron number density n.. For a collisionless plasma the skin depth is given by § = ¢/w,
where c¢ is the speed of light.

The unknown coefficients may be found by enforcing the continuity of tangential E and
H at the plasma-sheath interface at z = ¢/2. Orthogonality of the Fourier series yields two

systems of equations that may be expressed in matrix form

7ZC4q = Ay (3.12)
ZCyn = Dg (3.13)
Amn bmn
dmn Cmn .
where Cq = and Cyn, = are the vectors of unknown coefficients. The
pmn an
T'mn
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cients are found by inverting the impedance matrix
Ca=2Z""Ap (3.14)

Cun = Z7'Dyg. (3.15)

Solutions for the scattered standing wave coefficients for practical problems indicate that the
magnitude of the scattered standing wave is very small compared to the incident field. This is
further theoretical evidence corroborating the claim that the standing wave does not penetrate

the plasma. Consequently, the TE scalar potential is neglected for the balance of this chapter.

3.4 Evanescent waves and edge effects

3.4.1 Edge Waves

I have yet to satisfy boundary conditions on the reactor sidewalls (z = —d,, Ly + dy;y =
—dy, Ly + dy). The vacuum gap between the plasma and the sidewall is small relative to
the reactor dimensions. For electrically-small reactors, field nonuniformity is dominated by
the edge waves needed to satisfy by the boundary condition near the plasma edge. However,
these edge effects may be ameliorated by introducing an impedance boundary condition on the
surface of the sidewall

Etan = Z.A x H (3.16)

where Z. is the impedance and 1 is a unit vector normal to the surface. Suppose the sidewalls
of the reactor box are lined with a layer of lossy material. Then the impedance at the surface

of the layer is given by

Zp = BB tanh ()27t oo fiar /) (3.17)
€cr€o

where t. is the thickness of the layer, and €. and pu., are its relative permittivity and perme-
ability, respectively.

Consider the wall near the plasma edge at x = L, + d,. In between the electrode edge and
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the sidewall the potential is composed of waves that evanesce in the z-direction
¢1w) (.’17 9 y) =

>~ {0l explBa(ae — Lo)] + aliy) expl—Ba (e — Lo)] |

mn

x cos(nmy/Ly) (3.18)
+ {dl) explBae — Lo)] + di) expl—pa(z — L]}
x sin(nmy/Ly)
where 3, = 71/k3 — (nm/L,)2. Tmposing the IBC at the sidewall eliminates alry) and dy)
W (@ y) =
> ali {explBn(@ = L)) +b{7,) expl—bn(w — L)) |

x cos(nmy/Ly) (3.19)
+ ) {explBu(@ — Lo)] + b33 exp[—Bn(w — Lo)] |
x sin(nmy/Ly)

where

_ Wflzcﬂn exp(ﬁnda:) 1 eXp(/Bn )
we Ze 3y exp(—Pndy) — k% exp(—/fnd,) .

b

fon

The amplitude of the evanescent waves is a function of the impedance at the surface of the

layer.

It is therefore possible to control the amplitude of the edge waves by changing the

surface impedance.
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Underneath the electrode, the edge waves evanesce in both the x and y directions

7/’16) (z,y) =
Z{ (@) oxp[Bn(z — Le/2)] + &) exp|— B (z — Lx/Q)]}

mn

x cos(nmy/Ly)

+{ W) exp[Bm(y — Ly/2)] + ci¥) exp[—Bm(y — Ly/2)]}

x cos(mmz/Ly) (3.20)
+ {sa) explBu(e — Lo/2)] + si5,) expl—n(e — La/2)]}

x sin(ny/ Ly)

{5 explBn(y — Ly/D)] + s expl—Bim(y — Ly/2)]}

x sin(mmx/Ly)

where B, = 7\/k3 — (mn /L)% and B, = 3\/k3 — (nw/L,)?. The total electric and magnetic
fields are continuous across the electrode edge. This leads to a matrix equation for the unknown
coefficients involving the Cosine terms ZmnCmn = Vﬁﬁ)n and the Sine terms ZmnSmn = V( )

The solutions are Cyn = Zy; 1 Vfﬁ)n and Spn = Zg; 1 VSISI)H In this way, the edge waves are
coupled to the incident standing wave. The same boundary conditions applied to edge waves

in the y-direction lead to equivalent systems. The matrices are defined in Appendix B.

3.4.2 Corner Wave

N y
Y
N
N
N
\\ y'
N 7’
7/
Xc\ P
N 7’
N 4
Y 4
L 3 X
«< T
y \\,(I)
N
N
N
Sov!
X
Ly

Figure 3.2 Rotated coordinate system for corner wave.

pegion 1 is the superposition of the standing wave, the edge waves,
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and a corner wave
Y1 = 7;[’18) + ¢§e) + ¢1cr)- (3.21)

The third and final component of the field arises from interactions between edge waves near
the corners of the reactor. Here evanescent waves from one edge interfere with the waves tied
to the other edge. A rotated coordinate system is necessary to capture the behavior of the
corner wave (Figure 3.2). To a good approximation, the corner wave may be decomposed into

evanescent waves in the original and rotated coordinate systems

O @,y y') = 00 (@) + 0 @y (3.22)
Here
W (x,y) =
Acexplyka(y — Ly/2)] + Beexp[—gka(y — Ly /2)]
+ Ceexp[—gka(w — Ls/2)] + Deexplsha(x — Ly /2)]
and

) =

A exp(skay’) + Bu exp(—jkay’)
+ Coexp(—gkax') + Dy exp(gkoz’).

In order to solve for the unknown coefficients, I must consider the behavior of currents
induced on the surface of the electrode Jg(z,y) = fi x H(x,y) where i = Z on the top and
n = —Z on the bottom. Away from the corners at the electrode edge, current leaving the
top sheet reappears on the bottom sheet flowing in the opposite direction. Beginning on the
top sheet and moving along an edge, one passes over to the bottom sheet at the corner of the
electrode. In order to avoid a discontinuity between currents flowing in opposite directions,
the surface current density at the corners of the electrode must vanish. The corner wave is
necessary to satisfy this continuity condition.

My strategy for enforcing current continuity at the corner of the electrode is as follows.

omponents of the magnetic field that must vanish, two for each of the
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four corners. The magnetic field at each corner is expressed in the rotated coordinate system.
Evanescent waves act to cancel the z’-component at the upper-right and lower-left corners.
This leads to the following matrix equation for the A, and B, coefficients Z*)C*) = v /),

The impedance matrix is defined thus

z00 _ | 7R exp(gkaye) ka2 exp(—gkayc)

ko exp(—gkaye) k2 exp(shayc)
where y, is the distance from the corner to the center in the new coordinate system. Here the

vector of unknowns and right hand side are

con _ | A
Bo
and
v 1| H (e L)
wer 10,0

A similar system of equations is used to cancel the 3'-components at the upper-left and lower-

right corners Z&)CY) = V) where

gy _ | TReexplkaye) ke exp(—jkay)

—koexp(—gkaye) ka2 exp(gkaye)

Cor

cW) —
Des

and
(e)
von — L | (0Ly)
YU HY (L, 0)
The remaining four magnetic field components are similarly canceled by evanescent waves in

the original coordinate system

W (2, y) =Acexpska(y — Ly/2)]
+ Beexp[—gka(y — Ly/2)]
(3.23)
+ Ceexp[—gka(z — Ly /2)]

+ D.expjka(z — Ly /2)].
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The unprimed unknowns satisfy the following matrix equation Z&C®) = V) where

ko exp(gkaLly/2)  —koexp(—jgkaLly/2)

ko exp(—gkaLy/2)  —koexp(ykaL,/2)

7)) —

cW) —

and

v — 1 Hy/(Ly, Ly)sin(m/2 — ¢)
weq Hy(0,0) sin(r/2 — ¢)

Also Z®)C®) = V&) where

kyexp(gkoLy/2)  —koexp(—jgkaLly/2)

koexp(—jgkaLy/2) —kaexp(gkaL,/2)

7.(x)

and
o _ =L | HalloLy)cos(r/2 = 0)
YL H,(0,0) cos(n/2 — ¢)
After solving for the unknown coefficients I are able to calculate the total potential over the
surface of the antenna. It remains to determine the angle (¢) defining the primed coordinates
(Figure 3.2). To this end, I solve for the corner-wave coefficients for a range of angles. Then

I choose the angle that minimizes the magnitude of the surface current density Js(z,y) at the

corners of the electrode.

3.5 Results

3.5.1 Film Deposition

It is instructive to compare an experimental film deposition with my theoretical power
distribution as the thickness of the film at a given point is proportional to the power delivered

angular PECVD system was used to deposit a layer of a-Si on an
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ZC= 0.0062+0.0062j, 13.56 MHz

1.0
1 XX X o X
X
0.95 i
0.9 — Theory
0.85 x  Experiment
Ql L L L
0. 0.1 0.2 0.3

y (m)

Figure 3.3 Normalized theoretical power and experimental deposition
thickness in the y-direction at x=L,/2. The aluminum elec-
trode of dimensions 55.8 x 40.6 cm? was center-fed by a point
source on the back side. An 11:1 hydrogen to silane ratio was
maintained at a base pressure of 530 mTorr for 10 minutes dur-
ing the deposition.

aluminum substrate at 13.56 MHz. The aluminum electrode of dimensions 55.8 x 40.6 cm? was
center-fed by a point source on the back side. The permittivity of the stainless steel sidewalls
was calculated using €., = 1 — jo./egw where the conductivity was 0. = 1.4E6 siemens/m. The
gap between the edge of the electrode and the sidewalls was 6.3 cm in the z-direction and 2.5
cm in the y-direction. An 11:1 hydrogen to silane ratio was maintained at a base pressure of
530 mTorr for 10 minutes during the deposition. A showerhead was used to evenly distribute
the reactive gases above the electrode.

Since the theoretical power distribution is sensitive to the electron density n. this parameter
must be chosen with care. I estimate the electron density of my plasma to be n, =3.5E8 cm ™3
based on a chamber pressure of 530 mTorr and my experimental data. Figure 3.3 shows the
normalized theoretical power and measured a-Si thickness in the y-direction. The theoretical
and experimental data are in good agreement. Minor discrepancies may be attributed to noise

in the measurements.  Figure 3.4 shows the theoretical power over the surface of the electrode

at 13.56 and 40.68 MHz. The nonuniformity of the field may be quantified thus

| max[P(x,y)] — min[P(z,y)]

= | max( Pz, )] T min[Pla,y)] | < 00 (3.24)

Ol LAC U Zyl_ilsl

as a function of position. The position (z,y) ranges over the whole
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Figure 3.4 Normalized theoretical power at 13.56(a) and 40.68(b) MHz.

surface of the electrode. The nonuniformity is slightly greater at 40.68 MHz than at 13.56
MHz. At 40.68 MHz, the wavelength is shorter and the standing wave is concentrated toward

the center of the reactor.

3.5.2 Control of Nonuniformity

Uniformity is even more problematic for electrodes with large aspect ratios. Consider the
power distribution for the rectangular electrode in Figure 3.5. The antenna is again fed by a
line source in the center. The gap between the edge of the electrode and the sidewall is 1.3 cm
in the z-direction and 3.8 cm in the y-direction. The total field is composed of a standing wave
and evanescent waves. Traveling waves originate from the feed, propagate along the surface

of the antenna, and constructively interfere at the center of the reactor. The superposition of

waves propagating in opposite directions forms a standing wave.
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Figure 3.5 Normalized theoretical power for 111.7 x 41.9 cm? electrode
with bare(a) and coated(b) sidewalls.

For electrically large reactors, the standing wave varies significantly over the surface of the
electrode. Nonuniformity is a strong function of frequency for such systems. However, edge
effects dominate the field distribution so long as the reactor dimensions remain small with
respect to wavelength. The standing wave is essentially constant for electrode sizes less than
A/10.

For the case of the rectangular reactor with stainless steel sidewalls, the nonuniformity is
around 13% (Figure 3.5a). Uniformity can be improved by creating an impedance boundary
condition at the plasma edge by adding a lossy layer to the reactor sidewalls. Figure 3.5b shows
the power distribution with a 2 mm thick layer attached to the reactor sidewalls. I choose a
magnetic material with relative permeability p., = 205—380. Comparable material parameters

have been realized at 13.56 MHz using ferrites.[27]  Clearly, nonuniformity decreases with

increasing layer thickness (Figure 3.6a). This trend may be explained as follows. Since the
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f=13.56 MHz
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Figure 3.6 Theoretical nonuniformity as a function of layer thickness(a)
and normalized theoretical power for a 5 mm thick layer(b).

z-component of the electric field of the edge waves is opposed to the incident field, the edge
waves act to reduce the field near the sidewalls. The magnetic material absorbs energy that
would otherwise be reflected back under the electrode. Very thin layers reflect more energy
as the total electric field remains small at the plasma edge. Figure 3.6b shows the normalized
electric field for a 5 mm thick layer. Note how the power along the long edges has increased.
The lossy layer creates an IBC on the sidewall that reduces the amplitude of the edge waves

and increases the total field near the edges. Nonuniformity is well below the industrial limit

of 10% for layers thicker than 1 mm.

3.6 Conclusions

The electromagnetic fields in rectangular plasma reactors have been studied under the

homogeneous plasma slab approximation. The Fourier series coefficients of the standing wave
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have been determined in the sheath and in the plasma. I have shown that the each Fourier
component excites an edge wave in order to satisfy boundary conditions at the plasma edge.
The standing wave and edge waves interact to produce a corner wave that ensures current
continuity between the top and bottom surfaces of the electrode. Placing a lossy layer on the
reactor sidewalls creates an impedance boundary condition at the plasma edge. The amplitude
of the edge waves may be controlled by changing the impedance of the layer. The IBC leads

to nonuniformities well within industrial tolerances.
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CHAPTER 4 Modal analysis of extraordinary optical transmission

through a silver film perforated by an infinite square array of circular holes

4.1 Literature Review

Structured noble metals have been the subject of much interest in recent years due to their
potential as nanophotonic devices.[28] A number of useful optical properties of such metals
have been observed. Nanometallic objects are able to trap incident radiation, focusing it into
very small volumes. Krenn et al.[29] report enhancement of over 600% in a chain of nanometer
scale gold particles. The ability to confine light to very small scales circumvents a fundamental
limitation of dielectric waveguides. In order for a mode to propagate along a waveguide with
a dielectric core, the diameter of the core must be greater than half a wavelength in the core
medium deore > Ao/ (2ncore ), the so-called diffraction limit. Here deore is the core diameter, Ao
is the free space wavelength, and n...e is the refractive index of the core. Due to the fact that
their permittivity is negative at optical frequencies, conservation of momentum dictates that
noble metals be able to support guided modes for smaller core diameters. Several plasmonic
waveguide geometries have been proposed, including nanowires[30] and stripes.[31] Maier et al.
demonstrate local energy transport along a waveguide consisting of silver rods.[32] As the losses
in the metal limit propagation length, metal-insulator-metal (MIM) waveguides have also been
studied.[33] Such waveguides typically consist of a dielectric layer sandwiched between two
metal stripes. In MIM waveguides, coupling between surface plasma polaritons on opposite
metal surfaces confines the mode to the dielectric region where resistive losses are smaller.

Recently, interesting optical properties of a thin silver film perforated by a periodic array of
circular holes have been noted (Figure 4.1). This geometry has been intensely studied since the

discovery that such arrays of subwavelength holes allow much greater optical transmission[34]
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(b)

Figure 4.1 Top(a) and side(b)-view of silver film perforated by an infinite
array of circular holes. The region above the film is designated
1, inside the hole 2, and below the film 3.

than single holes.[35] Much experimental and theoretical effort has been focused on understand-
ing this extraordinary optical transmission (EOT). Numerical studies of periodic hole arrays
have been made using the finite-difference time-domain (FDTD) method. Baida et al. study
zero-order transmission efficiency through a gold film as a function of incident wavelength.[36]
They demonstrate that transmission efficiency can be improved by replacing the holes with
an array of annular apertures. Similar structures have been studied in the frequency-domain
via scattering matrix methods.[37] Biswas et al. leverage the scattering matrix approach to
study a subwavelength triangular lattice of holes in a platinum film coupled to a silicon pho-
tonic crystal.[38] Their model predicts a resonant absorption of incident radiation over infrared
frequencies.

Martin-Moreno et al. have studied scattering by a subwavelength square lattice of circular
holes in a silver film via mode-matching.[39] Their approach may be summarized as follows.
Above and below the film, the fields are expanded in terms of TM and TE Floquet harmonics.
Waveguide modes are used inside the hole where the walls are treated as a perfect electric

conductor (PEC). The unknown coefficients are found by enforcing boundary conditions at
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the upper and lower surfaces of the film. While the silver is treated as a PEC in [39], it
is replaced with an impedance boundary condition (IBC) on the top and bottom surfaces
of the film in [40]. The walls of the hole remain perfectly conducting, however. Zhang et
al.[41] conduct a similar theoretical study of EOT through an array of circular holes. In their
approach, the waveguide modes are determined by assuming an exponentially decaying field
outside the hole rather than imposing an impedance boundary condition on the wall. While
this approach is exact for an isolated hole, the assumption that the field in the metal can be
modeled by a Hankel function with an imaginary argument may be problematic for a periodic
geometry. Their approach agrees well with experimental data with respect to the position
of transmission peaks and nulls. However, no quantitative measure of the error in the peak
amplitudes is given. Impedance boundary conditions were also used to analyze transmission
through an array of rectangular holes.[42] The assumption of an impedance boundary condition
on the hole wall yields excellent quantitative results. Both the position and amplitude of the
transmission peaks agree well with experiment.

This chapter extends the formalism in [40] to include an IBC on the walls of the hole. The
addition of an impedance boundary condition on the hole walls is a significant improvement
as it allows for a finite tangential electric field on the wall surface. It also avoids the necessity
to phenomenologically enlarge the holes to capture penetration into the metal.[46] The results
herein predict a peak transmission that is much closer to the experimental value than that
presented in the cited modal approaches. While previous mode-matching studies predict similar
qualitative results, the theory presented here permits accurate quantitative study of the EOT
phenomenon. In addition, this approach avoids any explicit assumptions regarding the form
of the solution in the metal region. The chapter is organized as follows. Section 4.2 introduces
the scalar decomposition used to split the fields into TE and TM components. Section 4.3
details the derivation of the waveguide modes in the hole region with an impedance boundary
condition on the walls. The modal expansions above and below the film and in the hole region

are discussed in Section 4.4. A set of matrix equations for the unknown coefficients is solved in

Section 4.5. Section 4.6 includes a discussion of the results, while the conclusions are collected
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in Section 4.7.

4.2 Scalar Decomposition

For a preferred direction along the z-axis, the frequency-domain electric and magnetic
fields may be written in terms of transverse magnetic (TM) and transverse electric (TE) scalar
potentials thus[1]

E =V xV x [z¢] +wp,V X [2¢] (4.1)

H = —we,V x [2] + V x V X [2¢]. (4.2)

Here w is the frequency and €y, 11, are respectively the permittivity and permeability of re-
gion p. Cylindrical coordinates are employed inside the hole. In cylindrical coordinates, the

components of the electric and magnetic fields are

0? 9
E, = <@ 1 kp) ¥ (4.3)
0% 10¢
E,= - 4.4
P 0pdz Ty p 0p (44)
1 0% Oy
¢ = ;8(/)82 _lwﬂpa_p (45)
2
H, = (W—I-kf,)cp (4.6)
10y 0%
H,=— — 4.
P w pp 8¢ apaz ( 7)
Y 19
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where kg = w26p,up. Above and below the film, the scalar potentials and fields are expressed

in Cartesian coordinates

9% dp
E, = 9207 + zwupa—y (4.9)
0%y O
V= 90 Wiy (4.10)
0? 9
B, = (s + k) ¥ (4.11)
9% oy
H, = 9205 zwepa—y (4.12)
0%p oY
Hy = m + Zw6p6_$ (413)
0? 9

The strategy for finding the potentials is as follows. Above and below the film, the Bloch-
Floquet theorem guarantees a complete discrete basis set consisting of TE and TM Floquet
modes.[43] Inside the hole, I expand the fields in terms of waveguide modes derived by imposing
an impedance boundary condition on the hole wall. For azimuthal numbers other than zero,
these waveguide modes involve coupled TE and TM potentials. As the hole region is radially
finite, the waveguide modes are also a complete discrete basis.[3] The unknown coefficients are
determined by enforcing boundary conditions on the upper and lower horizontal interfaces over

a single unit cell.

4.3 Waveguide modes

First I must determine the eigenmodes of the hole region while imposing an impedance

boundary condition on the walls. I begin by writing the TM and TE potentials as Fourier

series
Yu(p, ¢, 2) = Z anJn(vp) exp(ine) exp(18z) (4.15)
on(p.d.2) = > buJu(yp) exp(ing) exp(15z) (4.16)

where J,,(7p) is the Bessel function of the first kind, n is an integer, /3 is the axial wavenumber,

are unknown coefficients. On the walls of the hole we impose the
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following impedance boundary condition
Eiwn = Zn x H (4.17)

where 1 is a unit vector normal to the surface and Z = /i, /€y, is the surface impedance of

the metal. In this case n = —p. We employ the Drude free electron model[26] for the silver
permittivity
1 “y (4.18)
T (W ) '

where v, is a damping coefficient and the plasma frequency w, = 27(8980),/n. depends on
the electron number density n.. Here the damping coefficient v, = 9 x 10 and the plasma

frequency wy, = 1.37 x 1016, The IBC (4.17) leads to two equations
E.(a) = —ZHg(a) (4.19)

and

Ey(a) = ZH.(a). (4.20)

Substituting (4.15) and (4.16) into (4.19) and (4.20) and exploiting orthogonality yields

(V2T n(va) +1Zweyd), (va)] an — ZBn/adn(va)b, = 0 (4.21)
and

Bn/aly(va)an + [wpyd), (va) + Zv*Jn(va)] by = 0. (4.22)
The system may be rewritten in matrix form Z,C, = 0. Here

an
Cpn = . (4.23)
bn,

We find the eigenvalues by sweeping over the axial wavenumber 5 to find the zeros of the

determinant of the system matrix Z,
2 / / 2 2,2, 212 _
[V In(va) + 1 Zweydy, (va)] [wpn Ty (va) + ZyIn(va)] + ZB*n® [a®T5 (va) = 0. (4.24)

The coefficients a,; and b,; are found from the eigenvectors of Zy, where the second subscript

associated with eigenvector Cp;.
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Each mode was subsequently normalized by ensuring the following orthogonality condition
was satisfied
0 _
/ Zﬂ / Ca B, x H pdpdg = o S{Prat =0 (4.25)
v —10pg,  3{Bpq} >0
where E, is the electric field due to the waveguide mode mi, Hy is the magnetic field due
waveguide mode nj, and 3,, are the eigenvalues for mode p and ¢, respectively. The first
case where 3{f),} = 0 corresponds to propagating modes. Such modes carry real power in
the direction of propagation. The condition I{f,,} > 0 identifies modes that evanesce in
the z-direction. Evanescent modes carry imaginary power along axis of the waveguide which
accounts for the factor of + multiplying the delta function in equation (4.25). Once (4.25) is
satisfied, the resulting modes form a complete orthonormal basis over the area of the hole.
The evolution of the modes from decoupled TE and TM modes in the case of perfectly
conducting walls to hybrid modes in the IBC case is of some interest. Note that when the

surface impedance Z is set to zero, equation (4.24) reduces to
In(va)J;,(va) = 0. (4.26)

Two families of solutions result. The eigenvalues of the TM modes for a PEC guide are obtained
from the zeros of the Bessel function, while the eigenvalues of the TE modes may be obtained
from the zeros of the first derivative of the Bessel function. Thus equation (4.24) may be
viewed as a generalization of the characteristic equation for the eigenvalues of a circular PEC
waveguide.

The polarization of the incident field, together with symmetry considerations, determines
the modes that are excited inside the hole. The azimuthal symmetry of the hole dictates that
the overlap integrals between the incident field and the hybrid modes vanish for azimuthal
numbers other than n = 1 or n = —1. Therefore, there is a strong coupling between the

doubly-degenerate n = 1 mode and the incident plane wave.
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4.4 Eigenfunction expansions

4.4.1 Incident field

The excitation is a plane wave of arbitrary angle and frequency incident from region 1.

Define the following rotation matrices:

[ cos(éo)  sin(go) 0
R = | _sin(¢g) cos(do) 0 (4.27)
i 0 0 1
and )
1 0 0
R®) = | 0 cos(fy) sin(6o) (4.28)
| 0 —sin(fy) cos(fo)

along with the vectors

kO

x

KO =1 g0 (4.29)

and

PO = sin(ag) | - (4.30)

Here the incident propagation direction vector k(©) is defined by

sin(6p) cos(¢o)
k© = — | sin(6o) sin(¢o) | - (4.31)
cos(fp)

The incident electric and magnetic fields are given by E(© = REIR(@)IP©O) and HO =

Ek© x EO) /(wpp).
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4.4.2 Regions 1 and 3

Above and below the film, the fields are expanded in terms of TM and TE Floquet modes:

7(,1;13) (x,y,2) = Aq(%;f’) exptkmn - p £ 10mn(2 F1/2)]/\/ DD, (4.32)
and
o3 (2, y, 2) = BSY explikmn - p £ 18mn (2 F 1/2)]/+/Da Dy (4.33)

where kymn = 2m(m%X/D, + ny/Dy), p = X + yy, B2, = k* — (2rm/D,)? — (2mn/D,)?,
and A,(%;? ) and B,g;? ) are unknown coefficients. The transverse electric and magnetic fields

associated with each mode are given by

ELY (2.9, 2) = F(BrmkeX + Bonky )LD (2,1, 2), (4.34)
HY (2,9, 2) = (weky& — wek,§)053) (2, y, 2), (4.35)
Egiﬁg”(% ya Z) = (_W:U’kyfc + Wukxf’)wg’r?) (.TC, y7 Z), (436)
and
HD (24, 2) = FBnkaX + Brnkyd) 0 (2,1, 2) (4.37)

where k, = 2mm/D, and k, = 27n/D,. When m = n = 0, two additional modes are necessary

to span the space

E(l’?’)/(z) = A(()t’a) exp[tik(z Ft/2)]x ( )
4.38
H(1’3)’(z) - j;k/(uw)A(()B’?’) exp|t+ik(z Ft/2)]y

and

E(1’3)H(Z) _ 385,3) exp[izk(z F t/2)]$’ ( )
4.39
HO" () = Fh/ (wp) Bog” expldak(z F /2) .
As many thin films are deposited on glass substrates, it is worth describing how the formu-

lation could be modified to include a dielectric layer beneath the silver. The additional layer

introduces four unknown coefficients for each Floquet harmonic indexed mn

) = A explikpnn - p + 185 (2 — t4)]/\/DaDy (4.40)
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and

P9 (2,y,2) = B explikmn - p £ 185, (2 — )]/ /DDy (4.41)

where t4 is the height of the layer. These unknowns are associated with two modes (TE and
TM) propagating in the positive z-direction, as well as two modes (TE and TM) propagating
in the negative z-direction. These Floquet harmonics are identical to those in the air region
with the exception that the z-component of the wave vector must be modified such that the
Helmbholtz equation is satisfied in the substrate, 67(521 = [k2— (2rm/D,)? — (27n/D,)]"/2. Here
ﬁ,(,ile is the z-component of the wave vector and ks is the wavenumber in the substrate. One
observes a red-shift in the position of the first-order SPP transmission peak that is proportional
to the refractive index of the substrate.[44] The effect of a substrate on the transmission profile
may be utilized by practical devices. The change in position of the resonant peak can be used

to tune the response of the structure for sensing purposes.

4.4.3 Region 2

Inside the hole, I expand the fields in a series consisting of the waveguide modes defined in

Section 4.3. The transverse components of the total field inside the hole are therefore

B (p,¢,2) = > [Cnjexp(1Bn;2) + Duj exp(—1812)) Epnj(0)D + Egnj(p)] exp(ing)  (4.42)

nj
and
Pa ¢, z) Z[Cm exp(153j2) — Dy exp(=180j2)[[Hpnj ()P + Hynj(p) ] exp(ing) (4.43)
nj
where
Epnj (,0) = Z/an'Yan;L ('Ynjp)anj - W,UJan('Ynjp)/pbnj (4-44)
Egnj(p) = —nBnjIn(¥nip)/pan; — WN'Yan;z(W’an)bnj (4.45)
Hpnj (P) = wend, ('Ynjp)/panj + Zﬂnj’Yan;L('anp>bnj (4-46>
Hynj(p) = weyniJ, (Yngp)ang — Brindn(Ynjp)/ pbuj (4.47)

known waveguide mode coefficients.
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4.5 DMatrix Equations

I enforce an impedance boundary condition on the metal-air interfaces and continuity of

the tangential electric field over the hole area at z = +¢/2 :

(L3) +Zz x HI3)  p>gq
M) = (4.48)

EX(£t/2), p<a.

Testing (4.48) with the appropriate TM or TE mode leads to the following matrix equations

Z(ED A 1 V() _ pyled) [D(l)c(-i—) n D(2)C(—)] (4.49)

and
7(2)g M) [D(Q)Cm " D<1>c<—>] , (4.50)

The matrices

AG /UHu ENdady — 7 /S H, -z x H{Vdxdy (4.51)

and
M = / H, - E? pdpdo (4.52)

H

1,3
)= g

Here EY) = Enj(p)p + Egnj (p) is the electric field associated with a

contain the overlap integrals between testing H,, = 2z x H},,,,, and basis functions E{"

(1,3)
tpq -

and H"Y = H
waveguide mode, U is the area of the unit cell, S is the area covered by the metal, and H is the
area of the hole. The integrals over the azimuthal direction were calculated analytically while
the remaining integral over the radial direction was computed by quadrature. The matrices
ngm = exp(+f,;t/2) contain phase terms for each waveguide mode. The overlap integrals

between region 2 and 3 are included in

Z(e2) — / H, -E®dzdy — Z / H, -z x HP dzdy (4.53)
U S
and
M) = /H H, - E® pdpds. (4.54)

The overlap between testing functions and the incident field is contained in the vector

V0 = [ H, EOdzdy — Z / H, -2 x HOdzdy. (4.55)
U S
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The vector A contains the unknowns from region 1, B contains the unknowns from region 3,
and O\ = Cyj and ci) = D,; are the unknown waveguide mode amplitudes.

Continuity of the tangential components of the magnetic field is enforced over the hole area
only

H'Y = HP(£t/2), p<a. (4.56)

Testing the magnetic field with waveguide modes leads to the following matrix equations:

M*ADA + v — pOcH) — p@c-) (4.57)
M*2B = p@cH —pOcH) (4.58)
where
MY — /H E, - HY pdpde (4.59)
and
M2 — /H E, - H® pdpde (4.60)

contain the overlap integrals between regions 1 and 2 and 2 and 3, respectively. Here we test

with the electric field of a waveguide mode given by E, = —z x [E}_.(p)p + E;;mz(p)éﬁ] The

(13) _ (19

basis functions in region 1 and 3 are given by H,, "™’ = H, /”. Once again, the overlap between

testing functions and the incident field is contained in the vector
V(r0) — / E, -HO pdpde. (4.61)
H

It remains to solve for the unknown coefficients contained in A and B. We begin by solving

for the waveguide mode coefficient vectors C+) and C():
cH) — M(f)—l(s(GO) + S(ho)) (4.62)
c) = —Qmn-1Qer (), (4.63)

The intermediate quantities are defined in the Appendix. The unknown vectors A and B are

determined from C(*) and C():
A = 71 [_V(eo) +MEDOeH) 4 M(el)D(2)C(—)] (4.64)

B = 7(e»)-1 [M<e2>D<2>c<+> n M(ez)Da)C(—)} , (4.65)
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4.6 Results
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Figure 4.2 Theoretical transmission through a 320 nm thick silver film per-
forated by a square array of circular holes of radius 140 nm and
lattice constant 750 nm at normal incidence. The transmission
profile was calculated using the Drude model (black line) and
experimental values (red dotted line) for the silver permittivity.

Before comparing the theoretical and experimental transmission data directly, I study the
effect of two different models for the silver permittivity on the profile. Consider transmission
through a 320 nm thick silver film perforated by a square array of circular holes of radius
140 nm and lattice constant 750 nm at normal incidence. Figure 4.2 shows the theoretical
transmission profiles when both the Drude model and measured data are used for the silver
permittivity. Note that the amplitude of the transmission peaks is slightly reduced when the
experimental permittivities are used in the calculation. This may be understood by observing
that the Drude model underestimates losses in the silver over optical wavelengths. One also
observes a small shift in the position of the peaks with respect to wavelength.

Figure 4.3 shows the theoretical transmission profile for the same geometry. The holes
cover only 11% of the area of the film, yet the peak transmission is nearly 15%, a transmission-

Ol LAC U Zyl_ilsl

130%. This is in excellent agreement with experimental data ([47],
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Fig. 1). Martin-Moreno et al. further point out that single aperture theory (which assumes a
PEC screen) predicts a transmission efficiency on the order of 1% in this frequency regime.

The theory presented here agrees well with the experimental peak transmission through a
finite array of 21x21 circular holes.[47] Previous modal approaches significantly over-estimate
the transmission around a wavelength of 800 nm, ranging from 43%[46] if an IBC is imposed
on the upper and lower horizonatal surfaces only to 50%[47] for an infinite PEC array. Small
variations in the finite array hole diameters may explain the broader peaks in the experimental
data. However, the overestimation of peak transmission is related to the boundary condition
on the hole wall.

The improved agreement between experiment and theory when an IBC is included in the
hole may be attributed to a more realistic model of the fundamental mode. At optical wave-
lengths, the fundamental dominates the fields inside the hole. When an IBC is imposed on
the hole wall, the fundamental is the hybrid HEM11 mode (Figures 4.4 and 4.5). Here the
azimuthal number is one and we take the first eigenvalue. Both TM and TE potentials con-
tribute to the fundamental under the IBC approximation. Notice that a significant tangential
electric field exists on the surface of the hole at p = a (Figures 4.4a,b and 4.5a,b). If the
IBC is replaced with a PEC as in [46] and [47], the fields are squeezed to allow a null on the
hole wall (Figures 4.4c,d and 4.5¢,d). In order to compensate for this, Martin-Moreno et al.
enlarge the hole by assuming an effective hole radius equal to the original value plus twice
the skin depth.[46] Enlarging the hole extends the field past the true hole radius and neglects
losses in the silver. Energy that should be absorbed leaks through and the transmission is
overestimated.

Next I study the impact of film thickness, hole radius, lattice constant, and angle of inci-
dence on the transmission profile for the purpose of identifying a mechanism for EOT. Surface
plasma polaritons tied to the interface between a dielectric and a metal have been included in a
possible mechanism.[47][48] While the exact role of surface waves in EOT has been a matter of

debate, they help to explain the results reported herein. First, note that transmission through

the film is a strong function of the film thickness (Figure 4.6). The transmission peaks are

Ol LAC U Zyl_ﬂbl
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associated with waves bound to the top and bottom surfaces. When the film is thin, coupling
between the upper and lower surfaces is strong and two peaks at different wavelengths may
be observed. As the film thickness increases, the coupling weakens and the peaks merge. The
response for the 500 nm thick film is dominated by uncoupled surfaces waves.

Both the amplitude and position of the the transmission peaks are affected by the hole
radius (Figure 4.7). Unsurprisingly, larger holes transmit more energy through the film. The
peaks also shift towards longer wavelengths as the radius of the hole increases. This wavelength
shift is related to the resonant character of the transmission process. The peaks occur for holes
of a certain size relative to the wavelength. As the wavelength increases, this relative size
remains roughly constant. The peak position increases to maintain the resonant ratio between
hole radius and wavelength.

The position of the transmission peaks can largely be explained by the presence of sur-
face plasmon polaritons. At the air-metal interface, the SPPs must satisfy conservation of

momentum

ksp = kot +iGx + jGy (4.66)

where kq; is the component of the incident wavevector that is parallel to the surface. The

reciprocal vectors are determined by the lattice constants of the film
Gy =2n/D,. (4.68)

The dispersion relationship for SPPs is given by

w [ €meq
ksp = —— 4.
p = Re [c €m + €4 (4.69)

where €, and €4 are the permittivities of the metal and the surrounding medium, respectively.[45]
Using equations (4.66) and (4.69), the wavelength of the first-order SPP at normal incidence

may be determined
Em€d
€m 1+ €4

Asp = Re [ D,. (4.70)

Equation (4.70) shows the relationship between the lattice constant and the SPP wavelength.

gonstant significantly affects the transmission profile by determining the
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wavelength at which the SPPs occur (Figure 4.8). The peaks consistently occur at a wavelength
slightly greater than the lattice constant. The amplitude of the transmission peaks decreases as
the lattice constant increases. For a constant hole radius, a smaller fraction of the film area is
covered by the holes as the lattice constant increases and less energy is transmitted. However,
the transmission-to-area efficiency is not constant with respect to lattice constant (Figure
4.9). For a lattice constant D=600 nm, 17% of the film area is covered by the holes. We
observe a maximum transmission of approximately 57% for a transmission-to-area efficiency of
roughy 335%. The efficiency decreases to 68% for a lattice constant of 800 nm. Smaller lattice
constants appear to be more efficient than larger lattice constants. Surface waves again help to
explain this trend. Martin-Moreno et al. identify modes supported by a single interface with
parallel momentum 27 /D, the so-called first-order surface plasma polariton.[47] As the lattice
constant decreases, more parallel momentum is carried by the first-order SPP. The surface
wave traps more energy that is funneled through the film by the fundamental mode.

Finally, consider the impact of angle of incidence on EOT. Figure 4.10 shows the polar-
ization and angle of rotation for the incident field. The electric field is directed along the
z-direction which is also the axis of rotation. Losses in the silver have been neglected to clarify
the trend in Figure 4.11. At normal incidence, observe the characteristic peak around 800 nm.
As the angle of incidence increases the peaks are significantly red-shifted. Figure 4.12 shows
the transmission profile as a function of incident angle over a larger range of wavelengths.
As the angle of incidence increases from normal, the single peak splits into two peaks that
move in opposite directions. Martin-Moreno et al. note that these peaks occur at wavelengths

associated with bound surface modes.[39]

4.7 Conclusions

A mode-matching solution to plane wave scattering by a silver film perforated by an infinite
array of circular holes has been presented. Impedance boundary conditions have been imposed

on all surfaces. The results predict a peak transmission value that is in good agreement

with experiment. FExtraordinary optical transmission has been studied as a function of film
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thickness, hole radius, and lattice constant. The transmission profile position, shape, and
amplitude are strong functions of film thickness, hole radius, and lattice constant. The coupling
between modes bound to the upper and lower surfaces is strongly affected by film thickness.
The resonant nature of the EOT process dictates that transmission peaks occur for holes of a
roughly constant electrical size. Small lattice constants transmit energy more efficiently than
larger ones for the film under study. At angles of incidence greater than zero degrees the single

transmission peak splits into two peaks. The results support the inclusion of surface waves in

the mechanism for EOT.
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Figure 4.3 Theoretical extraordinary transmission through a 320 nm thick
silver film perforated by an array of circular holes of radius 140
nm and lattice constant 750 nm at normal incidence from 400
to 1000 nm(a) and from 775 to 800 nm(b).
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Figure 4.4 Normalized z-component of the electric field for the fundamen-
tal mode at a wavelength of 790 nm. The z and y-axes have
been normalized by the hole radius. The panels show the real(a)
and imaginary(b) parts of the field for the fundamental hybrid
HEM11 mode used with an IBC on the hole wall. The remain-
ing panels show the real(c) and imaginary(d) parts of the field
for the fundamental TM11 mode used with a PEC boundary
condition on the hole wall.
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Figure 4.5 Normalized ¢-component of the electric field for the fundamen-
tal mode at a wavelength of 790 nm. The z and y-axes have
been normalized by the hole radius. The panels show the real(a)
and imaginary(b) parts of the field for the fundamental hybrid
HEM11 mode used with an IBC on the hole wall. The remain-
ing panels show the real(c) and imaginary(d) parts of the field
for the fundamental TM11 mode used with a PEC boundary
condition on the hole wall.
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Figure 4.6 Theoretical transmission for the film thicknesses listed in the
panel.
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Figure 4.7 Theoretical transmission for the hole radii listed in the panel
for a 320 nm thick film with lattice constant 750 nm.
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Figure 4.8 Theoretical transmission for the lattice constants listed in the
panel for a 320 nm thick film with hole radius of 140 nm.
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Figure 4.9 Theoretical transmission-to-area efficiency as a function of lat-
tice constant.
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Figure 4.10 Polarization (double arrows) and axis of rotation (dashed line)
for incident field.

10
—0

80- ---1 h
S 2
S 60 —3 :
(7]
0
£
é 40 |
l_

200 J 1

1/‘80 785 790 79-5 800 805 810
Wavelength (nm)

Figure 4.11 Transmission for the incident angles (in degrees) listed in the
panel.
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APPENDIX A Fourier-Bessel series representation of the TM Green’s

functions

In this section, we propose a Fourier-Bessel series representation of the TM Green’s function
for the hollow circular and circular sectoral waveguides. We begin with the analysis of the

hollow circular waveguide.

Hollow Circular Waveguide

We seek a solution to

(V2 + 529" (p, ps, & — s, 2 — 25) = —8(p — ps)3(d — 5)8(2 — 25) /p (A1)

where g(t) (a, ps, @ — ¢s, 2 — z5) = 0. The following standard completeness relations are used

in (A.1):
1 o0
6o —ds) = D expl-ym(d—os)] (A2)
and
1 o
3z —z5) = %/ exp[yB(z — zs)]dp. (A.3)
In this case, we also take advantage of the completeness relation for Bessel functions|2]:
S(p—ps) ~= 1
No=ps) _ > I (Ymip) I (Ymips) (A.4)
Ps i=1 Cmi
where
a a2
= [ FaOminodp = G s (i) (4.5)

and Ymi = Pmi/a where p,,; the ith zero of the Bessel function of order m. The Green’s function

may be expanded in a Fourier series in the azimuthal direction

o0

9 (p, perd — dsrz = 2) = Y g™ (p, ps, 2 — 24) exp[—gm(¢ — ). (A.6)

m=—0Q
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The unknown coeflicients are written as an inverse Fourier transform thus

G (9o = 20) = 5 / T p5) explIB(z — 22))dB. (A7)

By completeness, the radial function may be further expanded in terms of Eigenfunctions

oo

i=1 mi

Making the appropriate substitutions in (A.1) yields

- 72} Z Aml (’szp)Jm('Ymips) =
L= B (A.9)
where
10 0 m?
LP=_—— (,0—) + = A.10
pop \"0p) p? (4.10)
By definition of an Eigenfunction,
‘C2Jm(7mip) = V%iJm(’Ymip)- (A.ll)
Using (A.11) in (A.9)
{’sz i } Z Amz ('szp)Jm(’Ymips) -
mz
o (A.12)
1 1
The orthogonality of the Bessel function implies that
1
Amz(IB) - '772m' — 72 . (A13)
Therefore, the Green’s function for the hollow circular waveguide takes the form
g(tm)(p, Ps ¢ — Qs, 2 — s 'szps exp[ ]m(d) - ¢s)]
m=—0o0 =1 mz ( ) (A14)
* Jm(Ymip
—5 5 OXP 18 dg.
/_ o5 explyi(e - =)
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Using the definition of -, equation (A.14) may be expressed as

C2
m=—oo j=1 Mt (A.15>

> 0B explys( - 2015,

g<tm><p7ps,¢—¢s,z—zs>=(2;)2 S > T (mipe) expl—gm(6 - 6,)]

The denominator of the integrand may be factored thus

0o 0o 1
g(tm)(P7PS,¢_¢s:z SO

'szps exp[ ]m(¢ - ¢s)]

()

m=—o0 j=1 M4

/ ) Im (ymip) exp[gB(z — zs)] dg.
oo (B k2= a2,) (8402 —2)
(A.16)

As no branch cut occurs in the integrand of (A.16), the integral may be evaluated via the

residue theorem[14]

oo oo

9" (p, pard — bsr 2 — 2) = Y ZICL;” T (Ymip)Im (Ymips) exp[—gm(p — ¢s)]-

m=—o0 j=1 T

exp []\/r’)’?ni(z - zs)] (A.17)

k2=
where
J
5= Ymi <k
umi=4 (A.18)
& Ymi >k

Circular sectoral waveguide

The derivation for the circular sectoral waveguide is similar to that of the previous section.

We employ the direct Ohm-Raleigh method. The governing equation is again

(V24 KG9, py, & — 6y, 2 — 2,) = —0(p — ps)5(6 — B)3(z — 24) /. (A.19)

We have Dirichlet boundary conditions on the surface of the wedge G(tm)(p, Ps,0— s, 2—25) =
G (p, ps, o — b5,z — 2z5) = 0 and on the walls of the guide G*™ (a, ps, ¢ — ¢, 2 — 25) = 0.

Again, we choose to solve (A.19) directly. To this end, we propose the following Eigenfunction
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expansion of the Green’s function

I - 1
G (p, ps, ¢ — s, 2 — 25) = bor Z ZCQ_ (Ymips) sin(pe) sin(pgs)-
O m=r izt T (A.20)

/ M exp[sB(z — 25)]dB.

—00 Imi
Here i = pui/a where p,; is the ith zero of the Bessel function of order u = mw/¢g and [13]
a ) a2 9
= /O Tu(ymip)pdp = = [T (ymia) ] (A.21)
As mentioned above, the TM potential satisfies a Dirichlet boundary condition on the surface of
the wedge. Therefore, the azimuthal basis is chosen to be Sine functions. Again, the integrand

in (A.20) may be factored

G (p, ps, & — s, 2 — 25) = L Z ZLJ (Ymips) sin(ue) sin(ups)-
/oo JN('VmiP) exp[]ﬂ(z - Zs)]

o (B k2 —a2,) (8402 —2)

dg.

(A.22)

The residue theorem implies that

G(tm) (p, Ps> ¢ - ¢s> z — Zs) = Z Z ‘ Ju('ymip)‘],u('ymips) Sln(“d)) Sln(ﬂ¢s)'

exp [J\/rﬁn(z - zs)] (A.23)

k2 — ’Vr2m'
where
J
5= Ymi < k
dpi = 4270 " (A.24)
¢L Ymi > k
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APPENDIX B Plasma matrix definitions

Standing Wave Definitions

We begin with the z-component of the electric field. The orthogonality of the Fourier
series over the surface of the electrode leads to two families of solutions. The coefficients

Gmmns Amns Pmn, and Sy, are coupled by the boundary conditions.

— mLy [ 8in(B15)amn — JwpinLy sin(518)dmn =
(B.1)
mLyBa sin(Bat/2)pmn — JwpanLy sin(Bat/2) S

Continuity of the y-component of the electric field implies

—nLy 1 sin(B18)tmn + gwpimLy sin(518)dmn = B2)
nLy B sin(Bat/2)pmn + JwpromLy sin(Sat/2) Sy,

Continuity of the tangential magnetic field is ensured by
— mLy (1 cos(B15)dmn + JwernLy cos(f18)amn
+ jwelanaSTOLzL = (B.3)
mLy B cos(Bat/2)smmn — jwean Ly cos(Bat/2)Pmn
gnLyB1 cos(B18)dmn — jwermLy cos(518)amn
+ wermLyald) = (B.4)

nLy B2 cos(Bat/2)Smn + JweamLy cos(fat/2) pmn.

These equations represent a system of four equations and four unknowns

ZCq = Ag (B.5)
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where Cq =

pmn

Smn

Ag are defined thus:

JwernLy cos(5s)
z —jwermLy cos(B1s)

—mLy S sin(51s)

_anﬂl Sin(ﬁls)
and

67

—mLy By cos(f1s)  gweanLy cos(fat/2)
mLgBicos(Bis)  —jweamLy cos(Pat/2)

—gwpinLysin(f1s)  —mLyPasin(fat/2)
gwpimLysin(f1s)  —nLg B sin(fBat/2)

_Jwelanagg'L

(0)
wermL,amn
AO _ JwWer Y
0
- O -

is a vector of unknown coefficients. The impedance matrix Z and vector

—mLy5a cos(fat/2)
—nLy B2 cos(fat/2)
Jwpan Ly sin(Bat/2)

—gwpamLy, sin(Bat/2)

(B.6)

(B.7)

The coefficients byn, Cmns Gmn, and 7,y satisfy a similar system of equations:

Cmn
where Cyp =

dmn

T'mn

Edge Wave Definitions

The matrix equations for the edge wave coefficients are given by ZynnCmn

Z(jvn = DO

is a vector of unknown coefficients and Dg =

ZanSmn = Vﬁi’n The matrix and vectors are defined thus

0

—k2Dyn,

0

k? exp(Bn Ly /2)
k* exp(—BnLy/2)
—Bn exp(BnLz/2)

—Pn exp(—PnLa/2)

k? exp(—BnLz/2)
k? exp(BnLi/2)
B exp(—BnLz/2)
B exp(BnLas/2)

(B.8)
—]welandg%
jwelmLydggzl
0
O -
= fo,)n and
~K2Dy
0
(B.9)
_]Emn
0.0
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where Dy, = 1+ ¢y, and Eyyy, =

Vinh =

and

Vinh =

68

IBn [1 - 05{72],

(i+) ]

Amn

chnt’

(z—)

Cmn

| b

- dgjr;) -

(z+)

Smn

(z—)

Smn

it

—k2 cos(m) [a% + amn]
—k? [ag,% - amn]
0
0

0
0

—gmm | Ly cos(m) [dﬁ% + dmn]

—gmm /Ly [dﬁg% + dmn}

(B.10)

(B.11)

(B.12)

(B.13)
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APPENDIX C Intermediate matrix definitions

P® — Mz eD)-1ppleHp) _ p1) (C.1)
P — Mz -1pnpehp(2) L p2) (C.2)
R(0) — pp(hD) (1) =1y7(c0) (C.3)
R("0) — v/ (h0) (C.4)

QP = M7z -1\ _ p@ (C.5)
Q™ = M2z -1\ pp® 4 pO) (C.6)

The dimension of these matrices is IV, the number of Floquet modes used in the series. Often
more modes are needed to represent the fields above and below the film than inside the hole.
This results in nonsquare matrices upon testing. In order to solve the system, we reduce the

dimensionality of the larger matrices:

pr) — PgI:)I)Vh,I:Nh (C.7)
plmr) — Pgt?\;hJ:Nh (C.8)
QP = Ql N LN, (C.9)
Q™) = Q'Y 1n,. (C.10)

Here Ny, is the number of waveguide modes in the hole region.

M) = Q) — Qmnplmr)-1p(rr) (C.11)
S(eO) _ _Q(mfr)P(mr)—lR(eO) (C‘lg)
g(ho) _ Q(mr p(mr)—1R(k0) (C.13)
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