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Abstract

Harmonic generation in microplasmas is explored theoreticalhg
experimentally, anthen compareaith a 2D fluid model. A microstrigplit ring
resonatomvith 150em gapis designed to provide a micropfaa source at around
1 GHz. Electrode area asymmetry is a known factor in harmonic generation in
plasmas and is explored. Gas pressures of 0.2 Torr to 760 Torr in argon with power
levelsof 0.5 to 3 W are examined. Experimental results show third harmonic output
of greater than 10 mW is achieved with 3 W of net input power in 0.3 Torr of argon
and with asymmetric electrode areagperimental results of a microstrip split ring
resonator n a frequency mixer configuration are also shown. Fluid model
simulationsof Gregorioreveal that the small electrode area of an asymmetric
discharge forces a higher voltage, which strongly modulates the sheath width and
creates hot electrons. A nonlineartagecapacitance relationship, as well as hot
electrons causing large conduction current spikes, are the sairb@armonic
current in the plasma. Results of experiments and fluid model simulations are

compared and are found to compare reasonably well.
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1. Introduction

Applications of terahertz radiatidfoosely defined as 100 GHz to 10 THug
of great interest to the medical, scientific and defense industries. Terahertz imaging
has the advantage of high resolution without ionization of tiggyend therefore
it may eliminate the harmful effects ofrays. Teahertz spectroscopy has found
applications in chemistry and biochemistry to study samples that are opaque Iin
other frequency rang¢2]. In addition to imaging, terahertz radiation has also been
used to study materials in high magnetic fields. However, the advancement of these
technologies have been hampered by insufficient power output from current

devices.

The main two sources of terahertz power, setate semiconductor devices
andphotonics both suffer from low output power in the-salled THz gagflack of
available power at around 1 THZ¥igurel.1 shows the currently available power
as a function of frequency for the various types of THz sourSeld-state
electronics which dominate in the lower half of the THz rar{gel THz), suffer
from electrical breakdown at high power and reduced power output at THz
frequenciesPhotonic devices, which dominate in the upper region of the THz range
(> 1 THz), usually require cryogenic cooling and only offer short pulses of THz
power. The new development of intense amiplasma technologie@vhich are
similar in operation to senuonductors) offers a viable substitute for
semiconductor materials because they do not suffer from breakdown at high power

andmayhave significarly greatercarrier mobility andrequency respnse.
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Figure 1.1. Terahertz sources as a function of frequency. Solid lines
represent conventional sources of THz anthprisethe vast majority of
sourceq3].

Research into using conventiosmlale plasma for harmonic generation and
frequency mixingpccurred n t h €4]iI7P Godbverdionakcale plasmas refer
to plasmas on the order 1 mm or greater, at low pressure (typically 1 Torr or less),
and power densis less than 10 W/cn For contrast, the microplasmas realized
during the course of this research typically have dimensions of less than 1 mm
(depending on pressure), pressures ranging from 0.3 Torr to atmospheric pressure,
and power densitieganging fran 1 W/cn? tol.5 kwW/cni. The early efforts to
generate harmonics wegeiccessfulhowever,they were abandonedue to the

emergence of semiconductor technologies.



Recent advancements in microstrip based microplasma sd8it¢k2] as
well as semiconductor devices reaching their physical limitations in power and
voltage[13]i [15] lead us to revisit plasmawhich are known to have ndmear
behavior[16]-[17], to potentially further the advancement of harmonic based
frequency multipliersThe increase in power density, electron density, and gas
pressur e as compared t o t he elowsventi onal
microplasmas to more readily competigh semiconductor materials. In addition,
plasmadave higher electron mobility as compared with semiconductor materials,

potentially allowing much higher frequency operation.

Observation of harmonic generation has recently been reported in metamaterial
sustained plasmgd8], [19]. Metamaterials are engineered materials that exhibit
electrical and magnetic properties of those not found in ndtutieese studies, the
creation of harmonics is not the expressed goal of the devices, and only second
harmonics are reporte@ther recent studies involve harmonic generation via the

interactions between plasmas and |ag20§ [23].

The subject of this thesis is to explore tloalinear nature of microplasmas as
they relate to the generation of harmonics (integpdtiples of the applied
fundamental frequency). The generation of harmonics and their efficient extraction
form the basis for frequency multiplier technologies, whddminate current THz
sources below 1 THz. An additional investigation into the mixing properties of

microplasmas is also presented.



In thework presented heréwill develop equations that predict the existence
of second harmonics in plasma using a giiled matrix sheath model. These
expressions show that second harmonic generation greatly depends on electrode
area asymmetry. | then show the design and simulation of a microstrip split ring
resonator (SRR) plasma source that Wwas reported in 200®y [9]. The SRR is
designed in the microwave frequency rangile | do not expct the same level
of microwave harmonic generation efficiency as with current-®emductor based
devices, this is an important first step to understanding the basic science before

continuing on into the terahertz frequency regime.

| will also present emerimental results of the dependence of harmonic
generation on electrode asymmetry, net input power, and gas pressure. Finally, |
compare the experimental results with results of a fluid m{deeloped by
Gregorio)in conjunction with a circuit model simation. This comparison serves
to bah validate the fluid model antb give a better understanding of the

mechanisms involved in harmonic generation.

2. Current Multiplier Technologies

Solid-state frequency multipliers are the most commonly used technalogy f
generating power at and below 1 TE. The most common types of multiplier
technologies are chottky barrier diode and Heterdsicture Barrier Varactor
(HBV). These technologies operate by generating harmonics through the use of a
solid-state norlinear elementd.g, diodes) and efficiently extracting the desired

frequency.



2.1. Schottky Barrier Diode Multipliers

Frequency multipliers based on Schottky barrier diodes exploit thénmean
reactive and resistive natures of the diode to create harmonics of an applied pump
frequency[24]. A simplified circuit model of a Schottky barrier diode for use a low
frequency is shown irrigure 2.1 (a). This model includes the parasitic series
resistanceRs, as well as a diode element (which is represented as a voltage
dependent current source) in parallel with a voltage dependent capacithisce.
simplified model works well at low frequency, but at higher frequencies, additional
parasitics must be considered to properly model the Schottky drogiere2.1 (b)

includes these additional parasitic components.

Junction i(v) Cv)

i(v) _;Z—[C(V) Undepl. L

epi (n) Re (V)

J7_/Ed v)

Rs
Repr
Sub (n+)
zskrn
Ohmic  Rgg

a) b)

Figure 2.1. (a) Simplified model of Schottky barrier diode at low
frequency. (b) Improved model of Schottky barrier diode for use at
Terahertz frequencigg5].

At low frequencies, harmonic generation is accomplished by applying a

fundamental voltage to the diode and extracting the desired harmonic at the output

6



of the diode by means of a filter. At high frequencies, such as &Hnpre
sophisticated method is néiged due to the need to use waveguide components for
efficiency reasonsA typical Schottky barrier diode multiplier in waveguide is
shown inFigure2.2. Power at thdundamental is ggied through a waveguide input

and the electric field is coupled to the Schottkyde via a patch antenna within

the input waveguide, which directs the fundamental current to the diode. Harmonic
power is extracted by the use of a secpatth antenna, which radiatia® power

at the desired harmonimto an output waveguideFiltering and impedance

matching is also included for maximum efficiency.

INPUT OUTPUT
WAVEGUIDE WAVEGUIDE
e
~ » -
‘ -
-~ al
TA
~~ _TE10
-~ \A
N Electrical path
A is ~ 3.2A

Figure 2.2. Typical Schottky barriediode frequency multiplier with dual
output path and a power combine6].

Recent works ofSchottky diode frequency multipliers include a 1030
GHz frequency tripler producing nearly 200 mW with ~ 25% efficid@&Yy;, a 840

900 GHz frequency multiplier chain delivering ~1.4 mW with ~ 2.4% efficiency



[28]. The dramatic drop off in output power and efficiency from 100 GHz to 900
GHz is in due to the limitations imposed by semiconductor matgr@ser output
requires higher voltage amplitudes across the diode capacéadas effected by
three main factorf3]. First,the breakdown voltagéyy, limits the voltage that can

be applied across the diodehich dfects the amount of nelnearity. Second, at
higher frequencieghe carrier mobility is reduced in the diode junction, which
limits the currentThird, voltage is limited by the input power for a givdiode
capacitance, which idfacted by the size of the diode, which can only be reduced
to a certain pointit is in these areas and plasma based multipliers may be able to

improve upon semiconductor based designs.

2.2.Heterostructure Barrier Varactor Multipliers

Heterostructure barrier varactdisBV), which were first introduced in 1989
[29], are symmetric devices composed of high bandgap semiconductor surrounded
by moderately doped semiconductdrBV 6 s have symmmlitagei c capaci
and antisymmetric currenvoltage characteristicgigure2.3, which produce odd
order harmonicE0]i [32]. When aAC voltage is applied across the HBV, the high
bandgap semiconductor material is a barrier to charge carriers, which then
accumulate and cause a depletion of carriers in the low bandgap region of the HBV.
This accumulation and depletion is the sourcehefrionlinear GV relationship

[33].
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Figure 2.3. Representative example of the&/@Gnd FV characteristics of
an HBV devic¢l13].

HBV6s have an advantage over Schottky di
bias, since the capacitance modulations is centered abzes{84]. An additional
advantage of HBVOGs over Schottky diodes ar

higher input voltge due to the stacking of several barrier lay88$. This higher
input voltage allows for higher output power capabilitiéfowever, these

advantages have only been realized at the lower fethe GHz regior3].

HBV multipliers are constructed similarly to that of Schottky barrier diode
multipliers. Input power at the fundamental is applied via waveguide to a microstrip
transition with a lowpass filter. A voltage is formed across the HBV diode, which
produces harmonics. The signal is then passed through a matching network and a
microstripto waveguide transition to the output waveguidigure 2.4 depicts a

typical HBV multiplier setup.
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Figure 2.4. Planar HBV diode mounted on microstrip coupled betweel
and input and output waveguifi@4].

Recent reports of HBV multipliers include abénd (90110 GHz) tripler with
a maximum output power of 22.6 dBm (184 mW) with 23% efficidB&y, a 175
GHz quintupler with 60 mW obutputpower and 6.3% efficiend86], and a 282
GHz Tripler with 31 mW output power and 7%. efficienf37]. At higher
frequency, a 474 GHz quintupler with a peak output of 2.8 mW operating at 0.75%
efficiency has been recently report@8]. These reported devices show a steep
decline in efficency as compared to Schottky diode based multipliers. However,
HBV devicesexhibithigher output power capabiés in the low THz range, and so
may be used as a high power first stage in multiplier chains incorporating Schottky

diodes.
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3. Plasma Model with Non-Linear Sheaths

For microwavedrive microplasmas used for this research, | will employ a
capacitivelycoupled homogeneous plasma model as a first order approximation for
the dynamics of the sheaths and bulk of the microplasiiee derivation of this
model can be found in Chapter 11[89] and is summarized here. The results in
[39] show a linear bulk adittance as well as linear admittance across the two
sheaths combined. | will make modifications to the displacement current derivation
to show the nottinear nature of the resulting sheath voltagd®n asymmetric

discharge electrodesizes are used.

Theresults that follow show that for asymmetric dischaetgetrodesvith an
applied sinusoidal current, the combined voltage that develops across the two
sheaths contain not only the fundamental frequency of the applied current, but also
the second harmoniand a DC offset as well. While the experimental results of
these devices show additional harmonics, the model here provides some basic

physical insight into the potential for harmonic generation using a microplasma.

3.1. Model Configuration and Assumptions

The configuration for this model is shown Figure3.1. Two parallel plates
with cross sectional aredg and Ay are separated by a distaridédled with a gas
with neural gas densityng. A sinusoidal current(t) is applied to the plates
resulting in voltage/(t) across the gap and the formation of a plagmith length
d) with a matrix sheatm(a nein bulk andnea 0 i n twherensardm are h s

the electron and ion densitjewith average sheath widths &f and s, and

11



instantaneous sheath widthssg(t) andsy(t). Typically, the average sheath widths

S ands, are much smaller than the distance between the plates,

i

St S0

)
o

A
v

7O

L. = I cos(wt)

Figure 3.1. Schematic of a parallel plate capacitive coupled discharge

For ease of analysis, the following simplifying assumptions are [3&ite

a. lons respond to timaveraged potentials only. This assumption is valid
provided the square of the ion plasma frequemgy,is muchless than the

square of the applied frequencty

1 L1 8

b. Electrons respond to the instantaneous potential anyg tterdischarge

current. Validity requires,

where¥pe is the electron plasma frequency amdis the electromeutral

frequency for momentum transfer.

12



c. Within the sheaths, the electron density is zero (matrix sheath model).

d. One dimensionalectrostatic solution to Maxwell's equations. Valid when
the length of the plasma is much smaller than the sqoateof the
electrode areaQlL 110. See[39] for additional considerations for this
approximation.

e. Uniform and constant ion density in the sheath and bulk plasma regions,
ni(r, t) =n= constant. Quasileutral in bulk regionn; a ne. lon and electron

density profiles are depicted Higure3.2.

Figure 3.2. Electran and lon density profiles for matrix sheath plasma
model

Using these assumptions, equations for bulk plasma and sheath admittances are
derived in the following sections, along with an associated circuit model. In
addition, the voltage developed across the bulk plasma and across each sheath is
shown, as well athe combined voltage across the entirety of the plasma. This
developed voltage will show the generation of harmonics due the asymmetry

induced by varying the ratio of the two dischaeigectodeareas.

13



3.2.Bulk Plasma Admittance

The bulk plasma of a capacitive discharge is modeled simply as a lossy parallel

plate capacitor with the admittance given by

8

- (3.2)

&

where the plasma dielectric constdit,is given by[39]

[ A s~ (32)

The bulk plasma lengthd, is given by’ Q & c¢il[ and can be assumed to be

constant and therefor independent of time. This assumption is valid giver that
ir

Inserting equation(3.2) into (3.1) and simplifying, the bulk plasma
admittance is revritten as

where the vacuum capacitanéa, the plasma inductancep, and the plasma

resistanceRy,, are given by

P o,
5 34
s} ,Qh (34)
0 1 6 hoeQ (3.5
Y 08 (3.6)

The bulk plasma admittanc¥,, is represented by the series combination of

the plasma inductance and the plasma resistance in parallel with the vacuum

14



capacitance as illustrated kgure 3.7. The applied sinusoidal currerit;(t) that

flows through this network produces a voltage across the bulk plasma,

0o
W

P ®Q (3.7)

wherew O @ is the complex voltage amplitude across the plasma. In this

simplified model, the voltage developed across the bulk plasma is linear with the

applied current and as such does not produce harmonics.

3.3. Sheath Admittance

Due to the lack of electrons withingtsheath, see assumption c, the current
that flows through the sheath is almost entirely displacement current. However, a
small ion current flows between the plasma and the discharge plate as well as a

countering electron current when the sheath collapses

To solve for the displacement current across the sheath we start with the matrix
model of a constant ion density, and zero electron densitge, and integrate

Poisson's equation to obtain an expression for the electricEield

. ¢ ¢
O oo T—'Qdo T—oo i o (3.8

for sheatha, and a similar equation for shedth

The boundary conditon&a 0 at t he sheath/ pl asma
given that there is no surface charge at the boundiary ¢ontinuous) and the

electric field within the plasma is much smaller than within the sheaths.

The displacement current though sheaih given as
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Inserting the electric field from equatidB.8) into the displacemernturrent in

equation(3.9) yields

Q
e, \ 2 LA _I 1 3.10
0o T&dgi o (310
for sheatha. By equation(3.10), sheatha oscillates linearly with the applied

current.

Assuming the conduction current is small as compared to the displacement
current, wecans& 6 O 6 "OA 17100 and insert into equatigi3.10) and

integrate to obtain an expression for the width of shaath

i o ir i oglioh (3.11)
where the average sheath width, is a constant and the sheath width amplitude,
Soa, IS defined as

0 .
‘@] 0

(3.12)

As seen in equatio(B.11), the sheath oscillates linearly around an average
value,i [, with an amplitude of. Equations for sheathare found in a similar

way and are shown below in equati¢84.3) - (3.15).

Q
er, 1 N0 _I Y 3.13
O o &0 ob © (3.13
i o [ i O6FBTo (3.14)
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The voltage across the sheath is found by integrating the electric field as shown

in equation(3.8), and is given by

. @i o
w 0 OwvQw CT—8 (3.16)

Equation (3.16) shows that the voltage across the sheath is alimear

function of the sheath size. Combining equat®tl) and equatiori3.16) yields,

L @ P e AET
w o =l ift OElo
a b C cifi
(3.17)

P, v ~
—i Al @ o
C
which reveals that a sinusoidal current produces a sheath voltage that contains the

second harmonic frequency as well as a DC offset value. The voltage developed

across sheathis found similarly and is shown in equati¢8.18),

6o o Eir P cin oglo
5 ¢ °
(3.18)

gi Ai @ o8

For typical discharges, the voltage acrosshtll& plasma is much smaller than
the voltage across both sheaths, L w , leading to the voltage across the

entire discharge as the combination of sheath voltages w W w ,and

is show in gquation(3.19).
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For symmetric discharges, the discharge voltage reduces as follows;

6 o6 0o (3.20)
i 0o iriogio (3.21)
i o ([iOoRld (3.22
i ‘"O . (3.23)
1 O
o o C'firoaio (3.24)

wherei [is the average sheath width and is constant. As seen in eq{B2idn a
sinusoidal applied current results in a lingattage in the symmetric discharge
case. For asymmetrical sheath areas, Ay, the total voltage drop across the

plasma\Van, remains nodinear with an applied linear current.

As stated earlier there is a small conduction current in addition to the
displacement current through each of the sheaths. The conduction current is
composed of a steady ion curreht,and an electron currens, that only flows
momentarily once perycle. Given that there are no electrons within the sheath
and by symmetry, the time average conduction current must be zero, the sheath
width must collapse to zero in order for electrons to flow between the bulk plasma

and the electrode. The collapseled sheath width allows us to set the sheath width

18



amplitude and the time average sheath width to be eiqual [ for each sheath.
Applying this to the sheath width equation for sheai(3.11), and applying to the

sheath width amplitude equatidB,12), gives

G g P OBloh (3.25)

and a similar equation for shedth

~ DET ¢ 2
76 p OEIOS8 (3.26)

Applying the collapsing sheath width to the sheath voltage equations,
(3.17)-(3.18), yields

w 0 — =
g €10

p OBTo AT A (3.27)

> O
g @710

p OFTo 8 (3.29)

Before continuing with the displacement current nonlinearity, we briefly
discuss the conduction currenthe electrorcurrent through the sheath behaves
like an ideal diode. When the sheath width goes to zero, electrons from the bulk
plasma are free to conduct to the electrode, thus creating an electron current from
the electrode to the plasma. The amount of electroerithat flows balances out
the steady ion current such that the time average conduction current is zero.
However, since the electron current is not sinusoidal in nature, it will still produces
harmonics. Shown ifigure2.3 (top) is a depiction of a sinusoidal voltage with a
nonsinusoidal conduction current. The electron current is zero, except for around

the time of sheath collapse. The resulting spikes of comaducurrent produce
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harmonics as shown in the frequency spectrum of the current wav&igurg2.3

(bottom).
Voltage and Current
1 T T T T T T
0.5f | ‘ /\, ‘ l \ ,
0 -
Current
-0.5 Voltage\ Ny
_1 r r r r r r r
0 005 01 015 02 025 03 035 04 045 05
time (s)
Relative Amplitude Spectrum of Current
1 T T T T T T T
i 0.5+ -
A l B
0 1 2 3 4 5 6 7 8 9

Frequency (Multiples of Fundamental)

Figure 3.3. (Top) Time domain depiction of conduction current resultir
from sheath collapse. (Bottom) Normalized frequency spectrum of
conduction current

The above expressions foetholtage are now used determine the values of
the displacement currents through sheaths. The capacitancesbtatls arefound

by modeling the sheaths as parallel plate capacitors using the equation

, T O
. 3.29
6 - 8 (3.29

Setting plate distancd, to the timevaryingsheath width yields

L. T 0 o
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6 6 —=8 (3.31)

Inserting equation@.25) and(3.26) into (3.30) and(3.31) gives the time dependent

sheath capacitances

. T 0 .
5 o - AT A
'Qso > GBI (332
) T o 8
- 8o > OBTo (339

Given that the sheaths are in series, the total sheath capacitance is expressed as the

series combination of the two separate sheath capacitances and is expressed as

(3.34)
00 T 2
6 6 6 OBlo o OFlo

Equation(3.34) shows that the total capacitance acrospthemadischargas
a function of theapplied timevarying current and thus itself tirrearying In
addition to thedependence on the tirvarying current, the combined sheath
capacitance is also dependentthe electrode areéds andA,. When the electrode
areas are symmetrié{ = Ap) then the individual sheath capacitanoalinearities
cancel each other out to maintain a constant discharge capacitance. However, with
asymmetric electrode area& ( Ay) the resulting capacitance has a tivaeying
nature. These two scenarios are shawFigure3.4 for a microwave microplasma
havingdischarge typical of conditions used for the experiments in settion
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Capacitance (pF)

Time (ns)

Figure 3.4. Total discharge capacitance {Gas a function of time during
one period for typicall GHzmicrowave microplasma dischargeth
electrodearea ratios of 1:1 (blacklashed), 1:2 (blusolid), and 1:5 (red
solid).

Using the above assumption iof i[for both sheaths, we can simplify the

voltage across both sheatf,19), by introducing the simplifying variablg

v 2 3.3
T (3.39

Inserting the variabl§into equation$3.12) and(3.15) results in

vy

5 (3.39)

Y
3

(3.37)

Inserting equationg3.36) and(3.37) into the voltage equatio3.19) yields
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Simplifying and rearranging equatio(B.38) yields
w O o 2 P
T G 0O O
P P
T 53 OElo
PP v <
— 3.39
5B Al @ o (3.39)

With the voltage across the plasma in the form of equéBi@8), it is easy to
see that for an asymmetric discharge there exist a DC bias, the fundamental
frequency, and a second harmonic frequency. Each of the frequency components
is a function of the lectrode areas. | define a level of asymmetry as the ratio

between the electrode areas,

5
Yo 08 (3.40)

The top left ofFigure 3.5 depictsVi, equation(3.39), in graphical form for
Ratiovalues of 1, 2, and 5. The remaining plotssist of frequency spectra at
those samdratio values. This figure clearly shows the HAorear nature of the

voltage resulting from asymmetric discharge areas.
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Figure 3.5. (Top Left) Normalizedoltage across the plasma for varying
discharge area ratios. Frequency spectrum of the voltage for a Ratio:
(Top Right), Ratio=2 (Bottom Left), and Ratio=5 (Bottom Right)

A plot of the normalized amplitudes of each of the frequency components of the
voltage is shown ifrigure3.6. It is apparent that with symmetric electrodRat{o

= 1), only the fundamental frequency component remains within the voltage.
However, once there is asymmetry in the electrode areaso(> 1), the
fundamental amplitude begins to decrease, while a negative DC offset and a
positive second harmonic amplitudemerge. The frequency components
asymptotically approach values of 37.5%, 50% and 12.5% of the symmetric
fundamental amplitude for the DC, fundamental, and second harmonic frequencies
respectively. As can be seerHigure3.6, the frequencies components reach their

asymptotic values at a relatively modest area ratio.
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Figure 3.6. Normalized amplitudes of the DC, éiamental ({),

and second harmonicjfcomponents of the voltage across th
plasma as a function of the electrode area asymmetry ratio

3.4. Circuit Model

A simplified analysis of the plasma discharge can be accomplished by
combining the previous analysis of the bulk plasma and sheaths into a circuit model.
Figure 3.7 depicts the complete circuit model containing all the elements as

discussed previously.

As was stated in sectioB.2, the bulk plasma is represented by a vacuum
capacitanceCo, in parallel with the series combination of the plasma conductance,
Lp, and a plasma resistané®, These bulk plasma elements are placed in series

between the two sheaths and is showhRigure3.7.

The sheaths are depictedkigure 3.7 by parallel combinations of a current

source, a diode, and a capacitandee current sourced;a and lip represent the
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constant, but small ion current within the sheaths. The diddes)dDy, allow an
electron current to flow during the period when the sheaths collapse, representing
the countering electron current. Finally, tb&pacitorsCa and Cy,, represent the

nonlinear capacitaredeveloped by the timearyingsheath widths.

Ly = I,cos(wt)

S
fa n
() ()
N\ L, R .
D, MU YW Dy,
> ) K
1
Lix C, L
Al Al
Cat) Co()

Figure 3.7. Circuit representation fosimplified plasma matrix
sheathmodel

The circuit model shows the similarities between a plasma and the
semiconductor based harmonic multipliers from SecBomhe Schottky barrier
diode multiplier rées on the no#linear nature of the diode element to produce
harmonics. This same behavior occurs in the plasma sheath with the modulation of
the conduction current. For HBVOs, the natt
a nonlinear capacitivevoltage relationship, is analogous to the #imear sheath
capacitance of the timearyingsheath in the plasm@ne of thebiggest drawbacks

of the semiconductebasedmultipliers, low carrier mobility is overcome with
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plasmas due to the naturally high mdaiibf electron motion in low pressure gases
Additionally, the breakdown voltage of semiconductors hampers harmonic output
due to the limitation ofmaximum inputvoltage. In plasmas, breakdown is the

natural state, and as such, much higher voltages capplied.

4. Properties of Microstrip Circuits

Microstrip circuits consist of a dielectric substrate with a thin layer of
conducting material (typicallgoppej covering the entire bottom of the substrate
to act as the ground plane and another thin layeropper on the top of the
dielectric in the shape of the desired circuit. Since the electric and magnetic fields
propagate within the dielectric between the conducting circuit and the ground plane,
as well as the region of air above the conducting cincudrostrip circuitsoperate

in a quasiTEM mode[40].

g dl

Figure 4.1. Microstrip side view configuration with a dielectric
thickness of d, and conducting strip of width W

For a microstrigircuit as shown ifrigure4.1 with a conducting strip of width,
W, a substrate thicknesd, and arelative dielectric constant of), an effective

dielectric constanty, is given by equatiot¥.1).
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The effective dielectrid3, replaces the dielectric constatf,for all equations
relating to the microstrip structure, such as wavelength and characteristic
impedance as shown in equati¢h) and (4.3) where gy is the wavelength within

the copper conductaf;, is the operating frequency aads the speed of ligh40].
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5. Microstrip Split Ring ResonatorPlasma Source

In order to examine harmonic generation via plasma, | designed a microstrip
split ringresonator $RR)plasma source similar to ones first developedizayand
Hopwood[9]. The MSRR design allows for operation at a wide array of power
levels and pressures, which is ideal tbe desired experimentsin order to
investigate the effect of electrode area asymmetryharmonic generatiora
plasma limiter consisting of a block of dielectric material with a°k&@out was
added to th&SR device. The plasma limiisrrotated tallow for device operation

with various electrode areas exposed to the plasma.
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5.1. Microstrip Split Ring Design

The microplasma source consist of a split ring resonator (SRR) on a microwave
substrate, as shown in Figul, and first described [8]. The micowave substrate
consists of 60 nf§ (1.5 mm)thick Rogers TMM® 1Q & 9. 2) wi th 35 em t
copper plating on both the top and bottom sides. Using a LPKF Protomat S60,
copper from the top surface of the substrate is removed to form a 1 mm wide split
ring with a center radius of 8f@m. The spt ring has a discharge gap @ um
and has tapered jpds to increase the electric field for easier starting of the plasma.
A 1 mm wide copper strip from the split ring to the substrate edge allows the center
conductor of an SMA connector to be soldered to the input line of the split ring
while the ground ofhe connector is soldered to the ground plane of the microstrip.
The split ring gap is rotated around the center axis by 12° in order to match the
impedance of the splitrinig ot h raicrdv@ve spurcgll]. A schematic of the

SRR desig is shown irFigure5.1.

Alignment Holes

Substrate X

Discharge
Microwave P Gap
Input

Plasma

———— ‘:' ) |
€ \ formation
y : area
Dielectric

Plasma
Limiter

Split Ring

Figure5.1. Single Microstrip Split Ring Resonator with SMA
connection
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To create electrode asymmetry, a dielectric plasma limiter is placed on top of
the split ring. The plasma limites constructeaf a block of 20 mm thick Macor®
with a 180°semicircularcutout. The limiter prevents plasma formation where it is
in contat¢ with the split ring.The thickness of the dielectric limiter allows the
plasma to expand upwards during high power operation without expanding onto the

substrate.

Rotating the limiter around the center awisthe SRRallows the cutout to
expose varying areas of the electrodes to be exposed. Alignment holes drilled into
the limiter and thenicrostripsubstrate allow the ratio of the electrode areas to be
consistent between rotations of the limiter. Electrode a#asrof 1:1, 3:1, and
110:1 isachieved by rotating the limiter countelockwise by 0°, 45°, and 90°
respectivelyas seen ifrigureb.2. It is important to note that éow pressures, the
plasma is abléo diffuseto fill the plasma limiter cutout. At higher pressures, the

plasma localizes around the gap redui] and the dielectric limiter has little to

no effect.
a0e) a0e)
O O O O
(] D] (] B
_[ O o _[ éd( O b ®
7 o 7 »
O O O O
LT LI

0 10 20 (mm) 0 10 20 (mm) 0 10 20 (mm)

Figure 5.2. Dielectric plasma limiter positions: (Leftf O(Center) 48
CCW, (Right) 90CCW.
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When the resonant frequency is applied to the resonator, a standing wave will
develop with voltage peaks at each end, but with opposite polaritstanéling
current waveform is also developed, with the current peak at the center of the
resonator length a@the current going to zero at the gap. This is illustratEtjure
5.3. This large voltage difference across the small gap creates a strong electric field

that under the right environmental conditions, ignites a plasma.

Voltage

Current

1
1
Z. /2 E Resonator ﬁ Z D
&R Circumference h

Figure 5.3. Voltage and current standing wave patterns for a
half-wave resonator

A resonant frequency of 1.212HZ is calculated by means of equat{dtR)
where the wavelengtl®; is onehalf of the circumference (50/8m) of the split
ring. This approximantresonantfrequency was chosen to accommodate the
measurement of both the fundamental frequency and the refteatg harmonic
frequencyusing a single broadband 1 GHz to 4 GHz directional coupler. The
experimental setup is described further in secGoA summaryof the dsign

parameterss found inTablel.
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Tablel. SRR design parameters

Parameter Value

Substrate Rogers TMM 10
Thickness 60 mils(1.524 mm)
Dielectric Constantg) 9.2
SRRCenterRadius 8.0mm

Discharge Gap 150 mMm

Calculated Characteristic Impedan 61.3q

Calculated Resonant Frequency | 1.212GHz

5.2.Simulation Results

Using the design parameters as showrablel, theSRRwas simulated using

AnsysE

Hi gh Frequency

Structur al

Di

mu |

electromagnetic simulator utilizing the finite element method to numerically solve

Maxwel |l 6s equations.

Using HFSSthe resonant frequency of tB&R can be found by observing the

simulated refction coefficient (§). The resonant frequency occurs when the

reflection coefficient shows @&esep minimum as seenkigure5.4 for SRR without

the dielectric phsma limiter Here the resonant frequencyisiulated to bd.221

GHz.
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Figure 5.4. Simulated refletion coefficient (§) of theSRR
without the dielectric plasma limiter

The simulated resonant frequency of 1.221 @&9MHz higher tharfrom the
calculated resonant frequency of 1.2GHMz for several reasons. Firstlyhe
calculated reonant frequency did not take into account the dischayge
capacitance. The gap capacitamaes the effect of making the electrical path
longer, which increases the hathvelength, which leads to a slightly lower
resonant frequencySecondly, the gap width was not subtracted from the half
wavelength (ring eccumference) used in the calculation. With a shorter- half
wavelemgth, the resonant frequency will be slightly higheastly, the taper applied
to each side of the discharge gap as the effect of shortening the effective current
path around the ring. Thshorter path reduces the halavelength, which in turn
increases the resonant frequency of the SRR. These three effects lead to an overall

increase in the resonant frequency.
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As discussed earlier and as shownHigure 5.3, a voltage standing wave
pattern develops along the resonator when excited with the re$@tpmncy; this
is seen irFigure5.5. Shown is the complex amplitude of the electric field along
the split ring with the discharge gap enlarged for clarity. The electric field is largest
at the tips of the electrodesth a weak electric field along the lengthtbé ring.
This is analogous to the voltage standing wave pattern expected ofvaakalf

resonator.

E-Field V/Im

3. BEE0e +EEE
2, tRE0e +BAG6
2. BEER e +HEE

2. YBEEE+EEE
2. 2000 086
2. BEEEEEE
1. BREREAAE
1. BEEEE+HEE
- 1. 48B0E+BE
1. 200E 6 +HEE
1. BRE0E+EE
8. BEEEEHES

6. 0AAEE +AAS T _

4, BEOEEE +AE5

2, BEEEE+AE5

B, BEEE e +BEG0 10 (mm)

Figure 5.5. HFSS simulation showing the complex electric field
magnitude of the MSRR with a zoomegiature of the gagl W forward
power; Maximum gield 3x16 V/m)

In addition to a voltage standing wave, a current standing wave also appears
along the SRR when the resonant frequency is applied. Shdviguire5.6 is the
simulated surface current density along the SRR. The current density peaks
opposite to the discharge gap and decreases along the split ring to zero current
density at the gap itself.hls is analogous to the current standing wave shown in

Figure5.3.
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Figure 5.6. HFSS simulatioshowing current density of tI8RR

The addition of the dielectric plasma limiterthe SRR will limit the plasma
formation area, but as a consequence, the electric fields above the SRR are also
effected. This modification of the electric fields modsfithe effective dielectric
constanté), which in turn modifies the resonant frequency of the SRI& effect
is highly complex and not readily calculated, and as such was not attempted.
However, this effect is easily simulated using HFSS®. Using HFSS® a block of
Macor® was added to the simulataad was run using three different rotations of
the limiter; 0, 45, and 90. These positions are showrFigure5.2. The resulting
reflection coefficients (S11) are showrHigure5.7, along with the previous relssi

without the dielectric limiter.

The simulation shows that the resonant frequency of the SRR is not only
sensitive to the addition of the dielectric block, but the rotational position of the
block as well As seen irFigure5.7, the addition of the dielectric limitext the O

(ratio 1:1) positiorreduces the resonamefuency from 1.221 GHz to 1.18Hz.
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This reduction imesonant frequency corresponds narerease ire., which is due

to the high dielectric constang) of the Macor® block replacing that of air.
Rotating the dielectric limiter also shifts the resonant frequency of the SRR, but to
a lesser extentResonant frequencies of 1.167 GHz and 13Hz are realized for

dielectric limiter position of 45and 90 respectfully.
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Figure 5.7. Simulated reflection coefficientygpof the SRR with
the dielectric plasma limiter at positions d¢f, @5, and 90
CCW corresponding to electrode area rations of 1:1, 3:1, an
110:1 respectfullySimulated results without the cover is also
shown for reference.

6. Experimental Setup

Measurement of harmonic power is accomplished in two separate ways. First,
to confirm the existence of harmonics, a broadband antatieatsradiated power
from the split ring device. Second, with a plasma present, the impedance mismatch
caused by thexéstence of the plasma results in a significant amount of reflected

power. The reflected power contains not only the fundamental frequency but the
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harmonics created by the plasma as wallspectrum analyzemeasurs the
frequency content in both cas@he general experimental setup is showhigure
6.1 with a dashed line showing the connections for radiation measurements and

solid lines for the reflected power measurements.

The device is placed into a vacuum chamber and attached t@xaalc
feedthrough. The feedthroughattached to a broadband (14t&Hz) directional
coupler, which samples both the forward and reflected power for measurement. A
microwave powertrain, consisting of signal generator and amplifier is connected to

the directional coupler to feed the power at thalimental frequency thé SRR

Forward power to thERRis measured using a power meter and power sensor
that is connected to the forward power coupling port from the directional coupler
and corrected for losses from the coupler to the device. Reflected power is
measured in onef two ways depending on the experiment. For measurements
involving the reflectedpoower harmonics, a spectrum analyzer is attached to the
reflected power port of the directional coupler with an inhigh pass filter. The
filter reduces the power of theflected fundamental frequency in order to measure
both the fundamental and harmonics simultaneously with the greatest accuracy.
Without the filter, the third harmonic power may be lower than the noise level of
the spectrum analyzer due to the high neriee level needed to measure an
unfiltered fundamental. The frequency spectrum of the reflected power is then
corrected for cable loss, coupling loss, and loss from the filter for in the final

measurement of the reflected power at all frequend@ssthe harmonics are
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guantified at the reflected port of the directional coupler, this measurement will be

referred to as the reflected measurement method.

To measure the deated power spectrum, a 1 to &8z broadband antenna is
connected to thepectrum analer through a higpass filter. The antenna is placed
in front of the glass window in the vacuum chamber wall directlinim with the
SRRface. Forward power measured in the sananeras the reflected power
measurement. Reflected power is measuregdjussecond power meter connected
to the reflected power port of the direction coupler and is corrected for cable and
coupling lossesTo correct the measured radiated power spectrum requires the
radiation efficiency for each position of the plasma liméed for each measured
frequency, as well as propagation losses and corrections for the antenna. For these
reasons, radiated measurements were made solely to show the existence of
harmonics created by the plasma and to confirm the general trends shdven by

reflected measurements.
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Figure 6.1. Experimental setup for measuring power spectrur
reflected from the devic®ashed lines represent connections
radiated power measurements

7. Experimental Results

Harmontc power generated by plasma feated by many different variables,
in the followingexperimentshree of these variable will be explored, input power,
gas pressure, and electrode area asymmetry. A frequency sweep of the split ring
device wthout the presence of a plasma was first conducted in order to characterize
the harmonic content of the microwave powertrain. Using the reflected
measurement experental setup as shown kgure6.1, fundamental power was
applied to the device and swept in frequefroyn 1-1.3 GHz Third harmonic
power was measured using the spectrum analyzer and corrected. This measurement

was condu@d in atmospheric pressure air to prevent ignition of a plasma. This
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experimeét was then repeated @3 Torr of agon with a plasma present within the
discharge gap of the device. The results of these twodnegisweeps is shown in
Figure7.1. Thisdatashows that with the plasma present, third harmonic power is
increased by a factor 6fL000 within the operating band of the device as compared

to the third harmonicreated by the microwave powertrain only.

2 . :
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With Plasma
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3" Harmonic Frequency (GHz)
Figure 7.1. Third harmonic power from the amplifier reflected
from the device without plasmdashed blackand with plasma
(solid regd in the fundamentdtequency band of operation.

Data with plasma was taken while in 0.3 Torr of argon and a
constant forward power level of & for both.

Using the broadband antenna, radiation from the SRR was measured at a single
fundamental frequency in order to contlacsurvey of harmonics created by both
the microwave powertrain and of the plasma. A comparison of drearenonics

is shown inFigure 7.2. Without a plasma present, the microwave powertrain
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radiates harmonics up to and including the fourth harmonic before disappearing
below the noise floor of the spectrum analyzer. With a pdagrasent ir®.3 Torr
Argon, the radiation from the SRR contains the applied fundamental frequency as
well as both odd and even harmonics out to the 7th harmonic. Additionabhias

could not be measured dteethe noise floor of the spectrum analyzer.
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Figure 7.2. Measured radiated power from split ring resonato
without plasma present (Top) and plasma present (Bottom).
Measured Data was taken with SRR inside vacuum chambe

with 0.3 Torr of Argon and ¥Watts of net power absorbed by
microplasma.

To determine the effect of gas pressure on harmonic generation, a pressure
sweep is conducted using the reflected power measurement setup. To determine the

ideal frequency for which to conduct the pressure sweep, a frequency sweep is
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conducted at each eteesde asymmetry and the frequency at which the peak third

harmonic power is generated is found.

For each asymmetry value, the pressure was swept at various values from 200
mTorr to 50 Torr at the prdetermined frequency. A constant forward powfe3.3
W was maintained throughout the experiment. These measurements were repeated
for electrode asymmetry ratios of 1, 3, and 110. All measurements where corrected

for cable and coupling losses.

The resulting third harmonic power agirements are plotted Figure 7.3.
Third harmonic power is shown to be dependent on both gas pressure and electrode
area asymmetry. At all pressures, third harmonic power is increased with
asynmetry but appears to asymptotically approach a maximum value. For
asymmetry ratios of 1:1 and 3:1, third harmonic power decreases rapidly from the
peak value at 300 mTorr for both an increase and decrease in gas pressine.
110:1 ratio, third harmonipower follows a similar pattern for pressures higher than
300 mTorr. For pressures below 300 mTorr, the third harmonic power remains
relatively steady, however, pressures below 200 mTorr were not measured due to
limitations in the vacuum chamber equipmhéit low pressuregbelow ~10 Torr)
the plasma is diffuse and fills the cutout in the dielectric plasma limiter, however,
at higher pressures; the plasma condenses around the gap and begins to loose
asymmetry. This accounts for the rapid decrease imdrac generation for the

110:1 and 3:1 ratios as compared to the 1:1 ratio.

Due to plasma impedance dependence on gas pressure, the frequency at which

the third harmonic power will be maximum can vary. For this reason, third
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harmonic power was measured ftbe 110:1 electrode area ratio at pressures
ranging from 200 mTorr to 750 Torr while sweeping the full freqyaange. The

inset forFigure7.3 shows a comparison tveeen recording the harmonic power at

a single frequency (shown in red with circle markers) and recording the maximum
harmonic power regardless of frequency (shown in green with star markers). This
comparison shows that at around 10 Torr a significanedapce change occurs

that shifts the peak harmonic output in frequency.
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Figure 7.3. Measured reflected power of the third harmonic
versus pressure for various electrode asymmetry ratios. All ¢
takenin Argon wih a constant forward power of 3.3. \{lhset)
A comparison between single frequency measurement and t
max power level at each pressure regardless of frequency.

Based on the presse sweep data shown igure7.3, a gas pressure 6f3
Torr was chosen to conduct a power sweep. For each electrode area ratio,
fundamental input power was applied to the device while measuring the amount of
reflected power.Net power was calculated by subtracting the amount of reflected
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power from the forward applied power after all corrections were applied. Input

power was swept while collecting third harmonic power reflected from the device

using a spectrum analyzer.

The third harmonic power produced by the plasma has a strong dependence on
the fundamentahput power as shown iRigure7.4. As was shown in the pressure
sweep datathe power sweep also shows that third harmonic output is also

dependent on electrode area asymmetry.
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Figure 7.4. Measured reflected third harmonic power versus |
absorbed power by the microplasnoa ¥arious electrode
asymmetry ratios. Data taken in Argon at 0.3 Torr.

Using the broadband antenna, radiation measurements of the third harmonic
power can be compared to that of the reflection measurements. A comparison of
the reflected and radiatedeasurements for the 1:1 and 110:1 electroderaties

is seen irFigure7.5. Data was taken (@5 Torr of Argon and swept in input power.
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As before, the radiation data is not corrected for any losses due to the complexity,
but it shown here on a separate axisaimpare the general trends in third harmonic
power generationThe figure shows consistent trends for both measurements
methods. Third harmonic power neases similarlyor both radiated and reflected

data. Measured radiated power is a scaled versiefle€ted power.
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Figure 7.5. Measured reflected and radiated power of the thir
harmonic power versus net power to the device. Data was t
in Argon at 0.5 Torr.

The same notinear voltagecurrent relationship used for harmonic generation
can also be exploited for frequency mixifgrequency mixers utilize two separate
input frequenciesf{ andf,) to generate a sum frequendéy« f2) and a difference

frequency(f: -f). Dependingon thetype of mixer desired, uponversion (sum), or
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downconversion (difference) the output is filtered to delivery only the appropriate

frequency.

Starting with the same microwave <circuit

input andoutput lines perpendicular to the discharge electrodes will create a mixing

device Figure7.6. In this configuration, the SRR is used to create and maintain

thepla ma, whil e a separate input signal i's ap
line. The input signal frequency is mixed with the frequency of the signal used to

mai ntain the plasma. The mi x e dwhishiisgn a | i's o
in direct ontact with the plasmahis method of power extraction is inefficient,

however, it is an easily implementable configuration to observe the production of

mixing frequencies.

Subi‘trate Input f, Discharge Gap
1 / Output

Input fl {SH-, SE

N\ 1

A N1
Split Ring 50q
TransmissionLines

Figure 7.6. Plasma basettequency mixer configuration

For this experimenta 1.6 GHz is applied to the inpufff to ignite and
maintain the f[asma. A separate signal of 13Hz is applied to the second input

(f2) to create the requisite mixing effects. The two input sgyaed mixed within
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the plasma at the discharge gap and the resulting power spectrum is sampled using

a spectrum analyzer via the output transmission line.

The resulting power spectrum is showrfigure7.7. With only the 105GHz
input signal appliedf{(), the resulting power spectrum contains the fundamental
frequency (105 GHz) and the seconthird, and fourttharmonicsas shown in the
top left. Applying the seconchput ) of 1.0GHz results in the power spectrum
shown in the top right. For this frequency mixing case, the sum frequency (2.05
GHz), the difference frequency (50 MHz), and both input frequencies are observed.
In addition tothe predicted mixing frequencies, intermodulation frequencies are
alsoobserved with a spacing of B0Hz. The intermodulation frequencies are the
result of mixing of the original mixing products. The mixing effect occurs for each
new set of frequencies gioceduntil the resulting output power spectrum contains
power spaced every 50 MHz (the difference frequerglypwn in the bottom left
of the figure is the resulting doweonversion power spectra, which clearly shows
the difference frequency of 50 MHz,asll as intermodulation frequencies at 100,
150, 200, and 250 MHz. Beyond 250 MHz the intermodulation frequencies are
below the noise floor of the spectrum analyzer and thus are not shiogvhottom
left of the figure shows the wgonversion spectra, wdh includes the sum
frequency (2.05 GHz) and intermodulation frequencies with 50 MHz spacing both
above and below the sum frequency. Again, additional intermodulation frequencies

are below the noise floor of the spectrum analyzer and are not shown.
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Figure 7.7. Outputpower spectra of mixer configuration. (Top
Left) Single input frequency ¢ 1.05 GHz) with sustained
plasma. (Top Right) Two input signals%£f1.05 GHz, = 1.0
GHz) with sustained plasma. (Bottom Left) Resulting down
conversion power spectra. (Bottom Right) Resulting up
conversion power spectra.

8. Fluid Model

Experimental results of harmonic creation by plasmas aresuféitient to
understand the origins of the plasma nonlinearities. While a first order theoretical
examination of plasma nonlinearity is shown in Sect®na selfconsisten
numerical fluid model wa separatelydevelopedby Gregorio [42] to help

understand the relevant phenomena.

8.1. Fluid Model Description

The fluid model, which is a-B extension of the model reported[#8] and is
further described if42], solves the contingitand momentum equations for all
Sspeci es, as we l | as t he energy and

approximation is utilized due to the wavelength being much shorter that he plasma
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