
NOTE TO USERS

This reproduction is the best copy available.

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISSERTATION

ATMOSPHERIC PRESSURE MICROPLASMA CHARACTERIZATION

Submitted by 

Abdur Rahman 

Electrical and Computer Engineering Department

In partial fulfillment of the requirements 

For the Degree of Doctor of Philosophy 

Colorado State University 

Fort Collins, Colorado 

Summer 2005

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3185535

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion.

®

UMI
UMI Microform 3185535 

Copyright 2005 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COLORADO STATE UNIVERSITY

April 28,2005

WE HEREBY RECOMMEND THAT THE DISSERTATION PREPARED 
UNDER OUR SUPERVISION BY ABDUR RAHMAN ENTITLED ATMOSPHERIC 
PRESSURE MICROPLASMA CHARACTERIZATION BE ACCEPTED AS 
FULFILLING IN PART REQUIREMENTS FOR THE DEGREE OF DOCTOR OF 
PHILOSOPHY.

Committee on Graduate Work

Adviser

Co-A« :er

Department Head

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT OF DISSERTATION 

ATMOSPHERIC PRESSURE MICROPLASMA CHARACTERIZATION 

We present electrical measurements and absolute optical emission spectra in the 

VUV, UV, and visible regions in order to characterize radio frequency (RF) driven 

hollow slot microplasmas operating in open air at atmospheric pressure. The term 

microplasma in our research refers to interelectrode separation (100 to 600 microns) only, 

as electrode lengths are scalable from 1-30 cm. The electrode geometry creates a stable 

extended slot plasma and associated afterglow plume. Electrical measurements and 

emission spectra are presented for argon and helium plasmas with small admixtures of 

hydrogen and nitrogen into open air. Electrical measurements characterize sheath 

oscillations, sheath thickness, electron density, and effects of discharge asymmetry and 

external circuitry. Optical emission measurements provide a qualitative understanding of 

plasma chemistry and kinetics, and enable quantitative determinations of key plasma 

parameters including gas temperature, vibrational temperature, electron temperature 

(plasma nonequilibirum), and electron density. We also use the optical emission spectra 

to compare the efficiency and magnitude of light emission from the open-air 

microplasmas with corresponding values from commercial sealed mercury lamps in the 

UVB and UVC regions.
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Electrical and Computer Engineering Department

Colorado State University 
Fort Collins, CO 80523 

Summer 2005
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Chapter 1

Introduction to Atmospheric Pressure Plasma 
Discharge (APGD)
1.1 Introduction

Atmospheric pressure glow discharge (APGD) plasmas have the potential to 

become a versatile technological tool [1] as alternative photon, radical and ion sources for 

various applications including: biochemical decontamination and remediation of toxic 

gases and pollution/exhaust emission reduction [2], material deposition [3] and etching 

[4], and deactivation of bacteria, spores and viruses [5-7]. In the past decade a variety of 

atmospheric pressure glow discharges have been reported, including microhollow cath­

ode discharges [8, 9] RF driven plasma jets [6, 10], DC and pulsed pin discharges [11] as 

well as various resistive and dielectric barrier discharges [7, 12]. These atmospheric 

plasmas have potential to be low cost compared to vacuum plasmas; however, they suf­

fer significant challenges in terms of generating uniform and stable large volume plasmas 

[1, 13]. Better understanding of the origin of spatial instabilities is required to develop 

new APGD plasma sources. This thesis is directed towards characterization, and under­

standing of a novel atmospheric pressure glow discharge (APGD) microplasma that oper­

ates uniformly over lengths up to 30 cm. External measurements (electrical and optical) 

are performed on an RF (radio frequency) driven hollow slot microplasma device in order

1
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to better characterize the APGD plasma properties and elucidate its excitation and stabili­

zation mechanisms. In this chapter we provide an introduction to plasmas themselves, 

with a focus of the recently developing field of APGDs.

Section 1.2 defines basic plasma and plasma parameters that distinguish them 

from gases. Section 1.3 emphasizes on glow discharge plasmas. Section 1.4 discusses in­

stability issues of glow discharge plasmas, Section 1.5 discusses unique features of the 

APGD plasmas. Section 1.6 focuses on gas breakdown mechanisms and finally Section

1.7 briefly describes different types of APGD plasma sources.

1.2 Introduction to Plasma and Plasma Parameters

The majority of matter in the universe is in plasma state [14, 15], for example, 

stars, interstellar space, and even the upper layers of our atmosphere. In early gas dis­

charge studies, Langmuir characterized the electron and ion oscillations using the term 

plasma oscillations [16]. Although the term "plasma" was originated by Irving Langmuir 

in 1928 [17], concerted efforts to study plasma physics did not come until the second half 

of the last century. This research included gas discharge physics, energy related applica­

tions such as controlled thermonuclear fusion, and astrophysics [18, 19]. Gas discharge 

physics usually deals with low temperature plasmas (<1000 K) whereas thermonuclear 

fusion and solar plasma studies deal with very high temperature plasmas (>1000 K). Cur­

rently there are extensive ongoing research efforts in a variety of fields associated with 

plasmas and their applications.

Plasma, the fourth state of matter, can be defined as a completely or partially ion­

ized gas that maintains quasineutrality and exhibits collective behavior. Although plasma 

most commonly form in gases, plasma behavior is also observed in liquid and solid phase

2
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[13]. Here the discussion focuses on gas phase plasmas only. Quasineutrality implies that 

the net charge density is zero but at any instant of time at any particular position in the 

plasma, the charge balance may deviate by a small amount. The term collective behavior 

indicates that the charged particles suffer long range coulomb interactions that do not fall
•y

off as Hr (r is average distance between an electron and an ion). Instead, the interaction 

potential, <Z> falls of as [20]:

0~  00exp(-|r|//lrf) 1.1

where Id  is the Debye length given by

/  \ i/2 '  KT '
_2 1.2

A7mee

where, K  is Boltzmann's constant, e is the charge of an electron, ne is the electron density 

(also known as plasma density), and Te is the electron temperature. Ions are moving in the 

plasma, and the plasma ion temperature, 7], is typically much less than the electron tem­

perature, Te. Figure 1.1 shows the potential distribution next to an isolated metal strip 

immersed in a plasma. Electrons have higher kinetic energy compared to ions (owing to 

their smaller mass) and strike the metal strip more often than the ions. Since the strip is 

isolated, these electrons eventually charge up the strip negatively. This process continues 

until the strip is sufficiently negatively charged to repel the plasma electrons, that is, a 

potential barrier is built. Only highly energetic electrons with kinetic energy more than 

the potential energy of the barrier can reach the metal strip. The negatively charged strip 

attracts positive ions and space charges accumulate next to the strip. Each layer of space 

charges screens the negative potential of the strip and eventually the potential approaches 

the plasma potential. The length from the strip at which its effect is completely screened

3
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(i.e. the value of the local potential returns to the plasma potential) is called as the Debye 

screening length or Debye length (Xd) and the space charge region is called the plasma 

sheath.

-t-f
C
<D4-)o

CL
■

Distance (a.u.)
Figure 1.1: Potential distribution due to ion accumulation next to a metal strip (at r=0) immersed in 
a plasma. The distances from the metalic strip are represented by r and the spatial decay of (nega­
tive) potential is plotted on the vertical axis and distance on the horizontal axis. The base of the verti­
cal axis is the plasma potential and the dashed horizontal line represents zero potential. Xd is the De­
bye screening length, defining the spatial decay constant at which the potential approaches the 
plasma potential [20].

Faraday Dark Space

Aston Dark
Negative Glow

i a ..... 1

Anode Dark Space

- t

Anode
Cathode Dark Snace 

Cathode Glow Positive Column

Cathode

Figure 1.2: Different spatial regions of a normal glow discharge plasma in between the two electrodes 
[21].

Figure 1.2 shows the typical spatial regions of a (low pressure) glow discharge 

formed in a discharge tube. In this case the region between the cathode and the negative 

glow in Figure 1.2 is a plasma sheath and surprisingly most of the discharge voltage
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drops across the sheath region1 and the voltage drop is termed the cathode fall voltage or 

sheath voltage. The voltage that drops across the positive column of Figure 1.2 is called 

the bulk voltage. Any ion that enters the sheath must maintain a minimum kinetic energy 

or velocity (v*) and can be expressed as [22]:

vb> (KTe/ml) ,/2 1.3

where m, is the mass of the ion and v* is the Bohm velocity.

Due to separation of ions and electrons at walls and electrodes, disturbances in the

neutral plasma result in an electric field originating from the net charged density Pnet=N+-

N. (N+ and N. are the positive and negative charges). Restoring electrostatic force causes 

the electrons and ions to oscillate. The frequency of oscillation defines the electron and 

ion plasma oscillation frequencies. The electron plasma frequency, C0pe can be written as 

[16]:

n e 2
—2----  1.4
£0m e

where, So is the free space permittivity. The ion plasma frequency can be obtained by re­

placing the electron mass (me) by the ion mass (m,)- The electron plasma frequency is 

also called the plasma frequency, and is much greater than the ion plasma frequency 

(m ,»m e).

For weakly ionized low temperature plasmas, the electron plasma frequency (i.e. 

electron density) determines the coupling efficiency of power from external power to the 

plasma sources. When the applied frequency exceeds the electron plasma frequency, 

electromagnetic (e.m.) waves penetrate the plasma. If the applied frequency is less than

1 This is true for non-LTE glow discharge plasmas only.
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plasma frequency, plasma electrons follow the applied field and quickly absorb energy 

from the incident electromagnetic (e.m.) field so that the applied fields do not penetrate 

far into the plasma. The electron density at which the electron plasma frequency equals 

the frequency of the applied e.m. field is termed the critical electron density (nc). Typi­

cally, for low temperature weakly ionized RF driven plasmas, the electron density is be­

low nc whereas in microwave plasmas, the electron density can be either below or above 

nc. Because of their larger mass, ions can follow the applied e.m. field variation only at 

lower applied frequencies.

1.3 Glow Discharge Plasma

Depending on the gas temperature, Tg, compared to the electron temperature, Te, 

plasmas can be divided into two classes: low temperature plasmas and high temperature 

plasmas. In a low temperature plasma, the electron temperature is much higher than the 

ion temperature and the gas temperature, in other words, the temperature of the plasma 

constituents are not at equilibrium and the plasma is referred to as a cold or nonequilib­

rium (non-LTE) plasma. In the other class, temperatures of all constituents are in local 

thermal equilibrium (LTE) and the plasma is referred to as thermal or LTE 

plasma. Welding, plasma cutting, metal melting and remelting etc. require high tempera­

ture and thus LTE plasmas are employed [23].

The applications of non-LTE plasmas are more versatile. Plasma ion energies and 

densities can be controlled externally (by tuning current and voltage, changing or altering 

gas species and gas pressure etc.) over a wide range. This controlling capability allows 

precision work using non-LTE plasmas. Notable applications of non-LTE plasmas are in 

semiconductor industries for material deposition [3] and etching [4]. Non-LTE plasmas
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are also used in space science as thrusters and plasma contactors [24], for thin film coat­

ing on architectural glasses, and as spectral light sources [24, 25], and in other applica­

tions. Note that the non-LTE plasma applications mentioned above usually require low 

pressure, typically in the range of 10'3 Torr or below. As will be further discussed, atmos­

pheric pressure non-LTE plasma could extend the aforementioned applications and en­

sure new ones.

Corona Glow Arc

i 1

A
Current

Figure 1.3: I-V  curve showing three major regions of DC plasma operation [21].

1.3.1 Non-LTE Plasma

Non-LTE plasma are those in the which electrical energy applied flows primarily 

into energetic electrons and Te» T g. Thermal plasmas in contrast heat the gas so that 

Te= Tg. Figure 1.3 shows the I-V characteristics of the three main operating regions for 

typical low pressure DC plasmas [21]. The region at left corresponds to Townsend's dark 

discharge region, also referred to as the corona discharge region. A corona discharge ap­

pears when a very high voltage is applied to a tip or a very sharp edge. The corona dis­

charge is a unipolar discharge in which the presence of the charged particles does not

7
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distort the (applied) electric field. Corona discharges are extensively used for ozone gen­

eration [26]. The right most side of the Figure 1.3 shows the arc region. The arc is an 

LTE plasma is characterized by thermionic emission and low cathode fall voltage.

The middle section in Figure 1.3 is the non-LTE glow plasma region. The normal 

glow region is the operating region for many industrial applications because of its high 

plasma uniformity and low gas temperature. The plasma glow appears after the gas 

breakdown at point E and the voltage drops sharply to F. As the current increases beyond 

the point F, the voltage remains constant up to a certain current (point G) and the dis­

charge is termed as normal glow. In the normal glow discharge region (at constant pres­

sure), the current density remains constant as the current varies [13, 27], i.e., the area of 

the glow discharge increases with increasing current (F to G). Beyond the point G, the 

positive slope in the I-V curve indicates that the current density is no longer constant, cor­

responding to the discharge occupying the entire electrode area The positive slope in the 

I-V  curve is termed the abnormal glow region. As the current further increases (beyond 

H), a thermal plasma replaces the glow plasma. A hysteresis is observed in the glow dis­

charge if the current is reduced below the initiation point after the ignition of glow dis­

charge plasmas (F'F).

In a normal glow discharge plasma, a high cathode fall voltage appears at the

cathode where a net positive charge density, p net=N+-N., density builds up due to higher

electron mobility compared to ion mobility in the cathode electric field (see next chapter). 

The region over which this high voltage gradient builds up is also called the sheath. Fig­

ure 1.2 shows different regions of a low pressure glow discharge plasma [21]. The high 

cathode fall voltage (cathode dark space) is an important feature of the normal glow

8
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discharge (in contrast to the small cathode fall voltage in the arc discharge). The most op­

tically intense region is next to the cathode fall region, known as the negative glow re­

gion, and is created by the highly energetic electrons that are accelerated through the high 

voltage gradient of the sheath potential. Electrons are created at the cathode by ion bom­

bardment or other means including thermal emission, field emission, photoelectric effect. 

The number of electrons (nw) emitted from the discharge wall per photon and bombarding 

ion is defined as the secondary electron emission coefficient (y). The area between the 

electrodes is predominantly covered by continuous luminous glow, known as the positive 

column. Bulk electrons maintain ionization and excitation in the positive column. The 

number of ionization collision per unit length made by an electron in traversing the 

plasma column is given by Townsend's first ionization coefficient (a). The potential in 

the positive column is nearly constant, thus the electric field is nearly zero.

1.4 Instabilities

Glow discharge plasmas may suffer numerous instabilities due to thermal instabil­

ity, electronic instability, streamers, striations etc. Different types of plasma instabilities 

can cause glow plasma to transition to arcs (so called glow-to-arc transition) or can re­

duce plasma uniformity or even terminate the plasma. Understanding and mitigating the 

effects of these instabilities is important to developing (useful) glow discharge plasmas. 

Primary instability mechanisms are described below:

1.4.1 Thermal Instability

The physical basis of this type of instability is the ohmic (Joule heating) dissipa­

tion in the discharge [28]. Transverse inhomogeneity in the E  field causes electron tem­

perature, Te, to increase with increasing electron density [29]. This in turn decreases the
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gas density, N, which increases reduced electric field (E/N) values. Therefore increase in 

the electron density (discharge current) follows a positive feedback as shown below and 

ultimately results in glow to arc transition [29].

Sne t ->  S(JE) t - »  ST t - »  SN S ( E/ N)  t ->  S(Te) T-» Sne t

The mechanism can be explained as follows, electrons generated at the cathode 

surface accelerate through the entire cathode fall voltage, and thus acquire very high en­

ergy so they can ionize neutrals in bulk plasma effectively [30]. This process can cause a 

fluctuation (increase) in the electron density in the bulk plasma. The sudden increase in 

the electron density changes the plasma resistivity such that it is much lower than that of 

the driving circuit. Increase in current density increases joule heating and thus gas tem­

perature. The increase in gas temperature reduces neutral density and increases the re­

duced electric field (E/N) and thus the electron temperature. The increased electron tem­

perature result in more ionization in the bulk hence electron density gets a positive 

feedback. In some cases, this process can lead to glow to arc transition [31].

Electron emission at the cathode by ion/neutral bombardment, thermionic emis­

sion (from a hot cathode), and field emission are the most common sources of thermal 

instability [32, 33]. Cooling of the cathode reduces the probability of the thermal instabil­

ity from thermionic emission [33]. In the case of field emission the sudden increase in the 

electron density results from field emitted electrons, which are very highly energetic, and 

thus more effective in ionizing as compared to electrons emitted by other means. The ad­

dition of a ballast resistor is an effective method to reduce the sudden increase in dis­

charge current, but reduces system efficiency.
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1.4.2 Electronic Instability

Attachment Induced Instability

Multistage ionization and attachment induced instabilities are examples of elec­

tronic instability. The fundamental source of this type of instability is temporal imbalance 

in the rate of charge production and loss processes which together result in runway ioni­

zation [13, 34]. As opposed to thermal instability, the electronic instability results from 

longitudinal inhomogeneity in the electric field which causes ne to decrease with increas­

ing electron temperature [34, 35] along the axis of the electric field. The flow chart indi­

cates how the positive feedback takes place in the attachment induced instability [29].

Sne t - »  S(Te) va (Z+-Z_) t ->  Sne t

Here the Z+ and Z. denote densities of positive and negative ions in the plasma 

and va represents the attachment frequency. Increase in the electron density causes the 

electron temperature to decrease that results in fewer attachments and thus increases free 

electrons in the plasma . Since detachment does not depend on the electron temperature 

[29], the net electron density in the plasma increases. The process continues and the insta­

bility is formed in very short time compared to the thermal instability. Discharges contai­

ning electronegative gases (e.g. Oxygen, SFe) are prone to this type of instability. For 

example [35], in an oxygen containing discharge (CO2 laser) where detachment is comp­

ensated considerably by the attachment process (e.g. O' or O2 ') the steady state is ob­

tained at low electron temperature because ionization compensates only the small differ­

ence between attachment and detachment. Change in the electron density at any instant of 

time therefore develops electronic instability in such a discharge system. The attachment
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induced instabilities are not observed for rare gas discharges and N2 discharges due to 

their low electron affinity [36].

Inverse ionization instability

In high pressure discharges, external electron beam sources introduced via foils 

which act as electron windows are often used to balance the electron production and loss 

rates. Inverse ionization instability may occur in this type of discharge [36, 37]. Electron- 

neutral attachment depends on the dissociative attachment threshold energy, i.e. for a cer­

tain range of reduced electric field (E/N), dissociative attachment rate is an increasing 

function of electric filed (£). If the reduced electric field (E/N) is such that the dissocia­

tive attachment grows sharply causing ne to decrease, the discharge increases the electric 

field (i.e. E/N) to sustain the plasma. Since the attachment is an increasing function in 

this E/N  range, this process keeps building up attachment rate. The local field will be en­

hanced due to the increased attachment rate and cause glow to arc transition.

1.4.3 Striations

This type of instability is common in contaminated rare gas, e.g. contaminated 

with molecular gases or in pure molecular discharges [38]. The term striations originated 

from the observation of alternate bright and dark bands in the gas discharge plasma. The 

striation can be stationary or moving. Moving striations can sometimes be made station­

ary with appropriate choice of gas velocity [38]. There is a correlation among discharge 

current, discharge radius and gas pressure for which striations are observed in He dis­

charge [39]. Ionization waves or oscillations usually generate alternating luminous bands 

in the axial direction, i.e., they form longitudinal inhomogeneity. For certain operating

2 Here it is assumed that the attachment rate o f  the species considered has strong Te dependence. Note that, 
attachment rate for some species do not have such strong dependence on Te [36].
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conditions, we have observed striations in the atmospheric pressure RF slot discharge 

studied in this work (Figure 1.4). Kiselev-skii and Suzdalov [40] first observed striations 

in the radial direction in atmospheric pressure plasmas.

(a)

(b)

(c)

Figure 1.4: RF (60 MHz) driven hollow slot microplasmas: (a) normal glow operation without pres­
ence of striations, (b)&(C) radial striations (plasma conditions are: ~0.20 slpm of argon with admix­
tures of ~0.70 seem of nitrogen per cm of slot length ) are observed at delivered powers as low as ~3.3 
W/cm (Irms~ 0.06 amp/cm ).

1.5 Atmospheric Pressure Glow Discharge Plasma

Non-thermal low pressure plasmas are extensively used in current plasma proc­

essing technologies. These plasmas operate under very low pressure and the electrical en­

ergies are deposited to the plasma constituents (charged particles and neutrals) efficiently. 

Technological application of atmospheric pressure or high pressure LTE plasmas has 

been very limited and has mostly been for metallurgy [1, 23]. However atmospheric pres­

sure nonequilibrium plasmas have the potential to revolutionize industrial plasma appli­

cations. They have the potential to reduce cost by removing the expensive vacuum 

equipment and increase the production (or treatment) rates due to higher densities and 

fluxes of radicals, ions, electrons and photons. APGD plasmas not only have the potential 

to process materials that currently use low pressure nonequilibrium plasmas, but may al­

low processing of high vapor pressure materials that can not be treated at low pressure.
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These include, foods, water, certain chemical and biological materials [7, 10], dry clean­

ing fuel and certain (contaminated) gases [41].

1.6 Gas Breakdown Voltage & Paschen Curve and Similarity Law

There are two primary gas breakdown mechanisms: the Townsend mechanism 

and the spark mechanism (also known as streamer breakdown) [42]. In the Townsend 

mechanism, the y electrons created at the cathode collide with atoms or molecules in the 

discharge gap and liberate electrons. Some of the newly generated (a) electrons regener­

ate more electrons in the discharge gap leading to formation of electron avalanches. The 

electron avalanches therefore move from the cathode toward the anode. When the crite­

rion (y[exp(ad)-l]=l) for a discharge gap, d, is satisfied, a self sustained current is es­

tablished [29, 42, 43]. A relation between gas breakdown voltage, pressure and discharge 

gap for low pressure nonequilibrium DC plasma is established below.

The gas breakdown voltage, V/,, can be expressed by the Paschen law [43];

V  =_______9p± _______ 15
6 \n{Apd / ln[l + (1 / /)])

where, C and A are constants (that vary with the gas), p  and d are the pressure and dis­

tance of the discharge gap respectively, and y  is the secondary electron emission coeffi­

cient (which depends on the cathode material).

To determine the minimum breakdown voltage (Vb)mm with respect to pd product 

(gas pressure multiplied by distance between electrodes), we differentiate equation 1.5 

with respect to pd  and equate to zero, thus we obtain,

. 2.718.
{pd) min = ----7 - ln) +T

v 7 j
1.6
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where, (pd)mm is the pd product corresponding to (Vb)mm- The universal Paschen curve 

that relates the breakdown voltage and discharge gap, can be obtained by considering the 

dimensionless variables [43]:

X=pd/(pd)min 1.7

Y=V>/(Vh) mm 1.8

Equation 1.5 must be satisfied for any arbitrary value pd, hence using equation 1.5 we 

find [43],

Y = — ^ —  1.9
1 + lnX

10

mm
>

X (pd/pd ),010
,2,0

10 10'10

Figure 1.5: Theoretical Paschen curve of normalized breakdown voltage versus normalized pd  prod- 
ucts[43].

Figure 1.5 shows the Y vs X  plot. At X  values below 1, the increase in the break­

down potential is due to an insufficient number of neutrals that can be ionized to obtain 

gas breakdown. As X  values above 1, the gas breakdown voltage increases because elec­

trons lose energy due to increased number of collisions. This curve is known as Paschen 

curve and the point where pd  = pdmin is called as the Stoletow’s point (where the ion- 

electron pair generation is most efficient in terms of power expenditure) [43].
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Figure 1.6: Breakdown voltages for different operating gases as a function oipd  product ([1] and ref­
erences therein).

Figure 1.6 (from [1] and references therein) shows the experimental breakdown 

voltages for several gases as a function of the pd  product. The graph shows that the min­

ima of the breakdown voltages for rare gases are less than for molecular gases although 

the minima occur for larger pdmm values. The theoretical curve (Figure 1.5) and the ex­

perimental data (Figure 1.6) apply to DC excitation and are /dependant. Since / i s  the 

measure of the electron yield from the electrode surface due to ion bombardment and 

photoelectric effect, the breakdown voltage is also dependent on electrode material.

Generation of uniform APGD plasmas tends to be difficult due to the limitation 

imposed by the pd  product. Specifically large volume plasma generation is limited by the 

pd product; so that breakdown of atmospheric pressure plasmas requires high voltage. 

Note that the pd  product of the RF driven hollow slot (Ar/He) microplasma investigated 

in this thesis is approximately 10 Torr-cm, i.e., to the right of the Paschen minima (Fig­

ure 1.6). RF frequencies, (QRF, herein varies from 1-60 MHz.
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In the case of low pressure RF discharges, ions are immobile (i.e., they can not 

follow the electric field due to their large inertia.) Because the ion plasma frequency,

G )i« G )RF the breakdown of the gas is not due to ion bombardment of electrodes, and thus 

does not depend on the electrode material. On the other hand the electron plasma fre­

quency (Dpe»(ORF so that electrons can follow the applied field, and oscillate back and

forth between the electrodes. The electrons ionize the volume of the gas and when the 

mean free path of ionization is approximately equal to the discharge gap, the Paschen 

minima occurs [44]. It has been observed that the gas breakdown voltage in low pressure 

RF discharge is smaller than the DC breakdown voltage for the same gas species [44]. At 

high pressure, RF discharge breakdown is similar to DC breakdown because the in­

creased collisional frequency decreases the mean free path of ionization compared to the 

discharge gap [44]. As a result, the discharge breakdown depends on the secondary emis­

sion from the electrode surface (as in the case for DC discharges).

Hence, the glow discharge operation requires larger voltage across the discharge 

gap at higher pd  values. Since most of the applied voltage drops across the sheath the 

probability of the arc formation is enhanced beyond a certain pd  product, the non-thermal 

glow discharge often turns into thermal (equilibrium) plasma. For glow operation of rare 

gases, the pd  product is usually restricted between ~ 1 Torr-cm to 10 Torr-cm [24, 45]. 

These values correspond to a discharge gap (d), -10 pm<d<100 pm at atmospheric pres­

sure. If the pd  product lies in this range, the gas breakdown is due to primary avalanche 

in the bulk region and can be explained by the Paschen gas breakdown law [46].

We now briefly discuss the second breakdown mechanism (spark or streamer 

breakdown). At higher pd  values, the gas breakdown can also occur due to space charge
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accumulation anywhere between the electrodes (as opposed to the cathode in the Town­

send's breakdown mechanism). As the space charge field becomes comparable to the ap­

plied field, highly conducting filamentary channels causes gas breakdown (known as Ra- 

ether's breakdown) [45, 46] or streamer breakdown. Non-uniformity arises in the APGD 

plasma from streamer induced spark channel formation. The streamer induced breakdown 

is therefore not helpful for material processing.

Note that the high end limit of the pd  product (i.e. 10 Torr-cm) may not allow 

glow operation at atmospheric pressure [9]. Different approaches have been made by re­

searchers to overcome this shortcoming and are discussed in the next section.

1.7 Approaches to APGD Plasma Generation

Different techniques have been employed by researchers to generate APGD plas­

mas using DC sources, capacitively coupled RF driven sources, inductively coupled RF 

plasma and pulsed plasma sources. The DC sources require comparatively cheap circuitry 

compared to capacitively coupled or inductively coupled sources but are more prone to 

thermal and electronic instabilities as they require higher gas breakdown and plasma sus­

taining voltages. On the other hand capacitively coupled RF sources are more robust 

against instabilities since the electrons are sufficiently energized (to ionize the gas) only 

for a fraction of the oscillating cycle. Inductively coupled plasmas (ICPs) have an advan­

tage over both because most of the instabilities originate next to the electrodes and ICPs 

are not in contact with the electrodes. ICPs may require very high voltage (or employ 

very large inductance) to generate the required magnetic field to sustain the plasmas. 

Large inductance essentially reduces the efficiency of the system. Different types of 

APGD plasmas using DC, pulsed DC, capacitively coupled, and inductively coupled pla- 

smasa are described briefly.
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1.7.1 DC Glow Discharge

Gas
flow

Figure 1.7: Atmospheric pressure normal glow plasma, generated using high gas flow rate and high 
voltage (-30 kV). Direction of the E  field is transverse to the gas flow rate. Each dots in the lower 
plates (cathodes) represents a pin, ballasted with a resistor [2].

As discussed earlier, an atmospheric pressure DC glow discharge requires high 

voltage both for gas breakdown and for sustaining the plasma. Akishev and his group [2, 

41, 47] applied a multi-pin method to generate large volume APGD plasmas (Figure 1.7) 

in order to decontaminate industrially generated SOx and NOx. The distance between the 

pins and the anode was up to 1 cm. The multipin approach is similar to a corona configu­

ration, but the current density in this case was much higher as compared to a corona dis­

charge and a diffuse glow could be observed. The applied DC voltage (~30 kV) across 

the pins and the anode was large and each pin was individually ballasted with resistors to 

prevent arcing. The gas flow was transverse to the electric field and the flow rate was 

high. Because of the high voltage requirement and large ballast resistors, the application 

of this type of APGD plasma has poor efficiency.

Kruger et al [48, 49] generated non-thermal atmospheric pressure air and nitrogen 

plasmas using pulsed DC source between ballasted stainless steel tubes (with platinum
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pins). Figure 1.8 shows a 1 atm. nitrogen plasma generated between two pins separated

temperature are 1012 cm'3 and 2000 K respectively.

Figure 1.8: A pulsed DC source is applied between two platinum ball pins to generate, N2 glow dis­
charge at atmospheric pressure [48].

Figure 1.9: Dielectric barrier discharge configuration. One or more conducting planes are Insulated 
with dielectric material to force pulsed current operation as shown in Figure 1.10.

1.7.2 Dielectric Barrier Discharge (DBD)

If one or both electrodes are insulated with dielectric material, the discharge is 

termed as a dielectric barrier discharge (DBD). Figure 1.9 shows a schematic of DBD. 

The DBD requires an AC source (or a pulsed current source) and is an example of a ca­

pacitively coupled discharge. The advantage of the DBD at atmospheric pressure is that it 

can operate at a very high pd  value (-500 Torr-cm) [45]. The initiation of the plasma in 

the DBD is usually due to streamer formation instead of primary electron avalanche.

by 1.8 cm. Diameter of the discharge is ~ 1.7 mm . Electron number density and the gas

Metal

Dielectric

Metal
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DBDs are typically non-uniform as they are comprised of a large number of small rapidly 

moving filamentary channels. The filamentary channels are short lived (-nanosecond) 

and diameters of these channels are of the order of 100 pm; (parameter values are de­

pendant on the type of the gas and dielectric material used [50]). Since these are essen­

tially spark channels, the electron energies are very high and the electrons can ionize the 

gas very efficiently. As a result, large (average) current densities can exist in DBD plas­

mas. Transition from glow to arc is likely in DBD discharges due to their very high cur­

rent density. It has been shown that the DBDs can operate in the glow mode with a suit­

able choice of gas, pressure, discharge gap length and voltage. In this way the filamentary 

channel disappears prior to arc having time to form [51, 52].

* Current
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Figure 1.10: Time variation of measured current and voltages over one cycle [45].

Kanazawa et al [53, 54] and Okazaki and Kogoma [52-56] used a similar pin 

method as well as a parallel plate method to generate large volume APGD plasmas. Their 

work differs significantly from the previously mentioned work in the sense that they have 

employed AC sources with frequencies higher than 1 kHz. Further; the whole process
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was in an enclosed chamber and at least one electrode was insulated with a dielectric, i.e., 

the discharge was dielectric barrier discharge (DBD).

DBDs that cause spatially filamentary channels throughout the electrode area are 

not constant with time and do not allow processing of materials that require high spatial 

uniformity (e.g. semiconductor and flat panel processing). However, they are effective in 

processes such as ozone generation [50]. It had been claimed [45, 57] that stable glow 

mode plasmas were obtained using DBDs with no streamers observed. However the I-V 

curve show large current spikes (~of nanosecond duration) [45] considering with plasma 

initiation at the start of each AC cycle (Figure 1.10). These spikes indicate non-niformity 

of current density during these short periods of time. As mentioned, any non-uniformity 

is damaging to the plasma processing of materials, so that these DBDs are likely inappro­

priate for such applications. On the other hand the DBDs may be appropriate for applica­

tions including decontamination, food-processing etc.

1.6.3 Capacitively Coupled RF Plasma Jet

Koinuma et al [58] generated an atmospheric pressure glow discharge plasma jet 

for the purpose of micromachining and etching. A cylindrical quartz tube surrounded the 

RF powered cathode rod and separated the stainless cylindrical anode. Helium gas flowed 

through the quartz tube to generate and sustain plasma. The diameter of the plasma was 

dictated by the quartz tube diameter (1.7 mm ID). In other work Koinuma et al [59], in­

stead of using the rod electrode, used alumina coated cylindrical shaped hollow metal 

with a disc like opening for larger area treatment. Following this idea, Babayan et al [3, 

60] also demonstrated capacitively couple RF plasma jets. They employed similar ap­

proach except that the dielectric insulation between the RF powered electrode and the
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grounded electrode was absent. Littelefield and Collins [61] have very recently developed 

RF generated needle(s) plasma for the purpose of circuit testing. The RF powered hollow 

needle(s) through which He gas flows has a diameter of -0.5 -1 mm. The ground electro­

de is a plane metal strip that lies a few millimeters away from the gas exit port of the 

needle. The ground plane has hole(s) aligned with the gas exit port of the needle(s) such 

that the RF generated glow plasma protrudes (up to -1 cm) beyond the ground plane.

(a)____  (b)

Anode Anode

Figure 1.11: (a) Cross section of a cylindrical hollow cathode discharge located within the inner cyl­
inder. Gray regions are the sheath. Red region is the overlapped negative glow region. An electron 
reaches the left cathode wall, (b) Enlarged view of the sheath region next to the cathode (left). The 
electron is accelerating through the negative potential. The distance between the successive electrons 
(dots) indicates the increased velocity of the electron as it traverse the sheath region. This highly en­
ergetic electron will traverse through the negative glow region and reach the cathode (right) then 
turn back and again reach the left cathode. The electron will oscillate between the cathode walls.

1.7.4 Hollow Cathode Discharge

Low pressure hollow cathode discharges find their application in spectral lamps 

[24, 25] due to their low voltage operation and high optical emission capacity. They are 

also used as plasma switches[24], lasers [25], plasma contactors [24], propulsion systems 

in space science [43], and plasma jets [24].

The operating principal of the hollow cathode discharges that allow low voltage 

excitation can be explained as follows. When the electrodes of a plane parallel discharge 

are brought close to each other so that the negative glow regions overlap, enhanced
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electron density is achieved [62]. In the conventional hollow cathode (CHC), discovered 

by Paschen [25], the cathode may have a cylindrical shape or a parallel plate shape as 

shown in Figure 1.11. In the CHC anode lies outside the hollow cathode region. The 

pressure of the discharge and the distance between the opposite walls of the hollow cath- 

ode(s) are such that the negative glow regions are overlapped. The electrons have the 

highest possible energy in the negative glow-cathode dark space boundary region, there­

fore these high energy electrons can penetrate far into the sheath of the opposite wall. An 

energetic electron moving towards a cathode decelerates from the opposing electric field 

and then turns around and accelerates toward the negative glow region again. The further 

it penetrates the higher the velocity it acquires in its return path to the plasma. The same 

electron thus swings back and forth many times (Pendel effect) and can excite/ionize at­

oms/molecules before it finally is depleted. Thus, one has increased electron density and 

brightness in the hollow cathode geometry.

Vols

-V Cathode

Dielectric

V  -  R c v r  IDIS
Anode

CVR

Figure 1.12: Schematic of DC microhollow discharge between two plates the cathode of which has an 
open hole [9].

High pressure (up to 1 atm.) hollow cathode glow discharge operation has been 

demonstrated by many researchers in both DC and RF modes [9, 64-68]. Schoenbach et
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al demonstrated normal glow operation at high pressure using DC power hollow 

cathode discharges [8, 9, 69, 70]. Figure 1.12 shows one of the early design employed by 

Schoenbach [9] where the anode and cathode are separated by a mica spacer (250 pm). 

The cylindrical hole diameter, D, was varied between 200 pm to 750 pm. A normal glow 

discharge was observed for a pressure as high as 896 Torr for a pD  product o f -18 Torr- 

cm. Since the pressure times the distance product limits the dimension of the hole size(D) 

in microns at atmospheric pressure, Schoenbach et al [63] modified their design and used 

arrays of two dimensional microhollow cathode discharges. Figure 1.13 shows a photo­

graph of the two dimensional array of microhollow discharges operating in the normal 

glow mode [63]. This type of array can be used as a lamp, specifically in VUV (vacuum 

ultra-violet) region because of strong emission from excimer bands of rare gases ([71] 

and references therein). In addition, the strong VUV emissions generate secondary elec­

trons [72] and may help sustain the plasma in the normal glow mode with high electron 

density even when the negative glow regions do not overlap. In fact, Schoenbach et al 

[63] observed normal glow mode operation of for a discharge gap (here, diameter (£))) 

greater than the overlap of the negative glow region; which suggests that the VUV pho­

tons play a role and couple the sheaths (of opposite sides of the hollow electrode). Stark 

and Schoenbach [73] used a third electrode along with their hollow cathode discharge to 

generate larger volume nonequilibrium plasmas, though the plasma volume was limited 

to a few cubic millimeters. Similar approaches have been employed by Eden et al [74] to 

generate displays with two dimensional array of microplasmas. Instead of using only a 

cylindrical hole, they introduced other shapes, such as inverted pyramids and rectangular 

holes with different depths.
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Figure 1.13: Two dimensional array of DC sustained microhollow plasma discharges [63].

Yu et al [71, 75, 76] designed a one dimensional slot microplasma device of 1-30 

cm length to generate normal glow plasmas. This device also have been used as the 

source of energetic species and helps rare gas breakdown and generation of large volume 

(~ 6 cm3) plasma at high pressure (1 atm). The following chapters will focus on the 

plasma characterization generated from this microhollow discharge.

1.7.5 Inductively Coupled Plasma fICP)

Nonequilibrium plasmas are also generated using inductively coupled RF or mi­

crowave power. An inductively coupled plasma is also referred to as an electrodeless

plasma, since the plasma is not in contact with the electrodes. Figure 1.14 shows the

schematic of an inductively coupled plasma source. The oscillating electric field in the 

coil creates a time varying magnetic field hence an induced electric field, thus the plasma 

is sustained once the gas breakdown is achieved. Figure 1.15 shows a schematic of an in-
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ductively coupled LTE plasma generator [77]. Usually, inductively coupled plasma gen­

erators for processing applications require lower pressure (<1 Torr, typically 1-100 milli- 

Torr) [78, 79] as compared to capacitively coupled plasma generators, but they can pro­

vide higher electron and ion densities, and better directionality [80]. ICPs have a small 

sheath voltage drop and thus are more convenient to use in processing applications since 

less damage is caused to the wafer from ion bombardment [80]. In addition, ICPs have 

excellent spatial uniformity, independent control over ion flux and ion energy [78-80].

1.14: Simple inductive circuit for ICP generation. Alternating current induces an electric field inside 
the quartz tube. The induced electric field generates the plasma.
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1.15: LTE plasma generator [77].

An inductively coupled nonequilibrium atmospheric pressure Ar and He plasma 

was first generated by Beenakkar [81]. The ICP was in a cavity resonator, allowing only
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the TMoio mode. The intended application of this type of plasma is trace elemental analy­

sis (gas chromatography) using atomic emission detection [82-84]. Since their first dis­

covery, ICPs have been generated from other species (such as O2 , N2 , air etc.) at various 

pressures [82-84]. The volume of the ICP plasmas generated in the cavity resonator is 

limited by the TM01 0 mode.

Recently, microplasma sources using microstrip technology have been reported 

[85, 86]. The microstrip split-ring resonator device operates at a very low power (3 W) 

and over wide variable pressure range (less than 1 Torr to 1 atm.). Possible applications 

include optical emission spectrometry, bio-MEMS sterilization, miniature material proc­

essing, and lab-on-chip detectors etc.
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Chapter 2

RF Measurements
2.1 Introduction

Atmospheric pressure glow discharge (APGD) plasmas are a rapidly emerging 

technology, APGD sources do not require complex and expensive vacuum systems, 

unlike their low pressure counterparts. Therefore low cost and simple operation may en­

able wider industrial application of APGD sources. However generation of APGD plas­

mas possess challenges, associated with temporal stability and spatial uniformity, e.g. on­

set of glow to arc transition, uncontrolled filamentary channels, striations etc. To 

overcome these shortcomings one needs to both theoretically model and experimentally 

characterize (electrically and optically) features of the APGD plasma. Plasma characteri­

zation becomes very difficult for high pressure operation, primarily because probe meas­

urements are not valid as the case of Langmuir probes in determining electron/ion tem­

peratures and densities for low pressure, low density, cold plasmas [1]. Note that Debye 

screening restricts Langmuir probes application only to low density plasmas [1].

Figure 2.1 shows a photograph and Figure 2.2 shows a schematic of the micro­

hollow plasma discharge device. The microdischarge operates with a flow of rare gas di­

rectly into atmospheric pressure ambient air and is driven by RF (4 to 60 MHz) sources.
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The configuration has similarities with low pressure hollow anode/cathode discharges, 

but does not provide very high electron density as is the casein low pressure hollow

Figure 2.1: Photograph of microhollow discharge operation under atmospheric pressure with argon 
gas flowing through the slot. Operating plasma has linear dimension of ~35 cm.

Downstream

Figure 2.2: Schematic of the microhollow plasma device (end on view). The wedge shaped electrode is 
powered with RF, and rare gas flows into the slot from beneath the powered electrode. Typical di­
mensions are d  = 400 pm, w =200 pm, A' = 5 cm and /  = l~3mm.

cathode/anode geometry [2]3, At low pressure, the hollow cathode geometry allows fast 

electrons to oscillate (Pendel effect [3]) between the opposite walls of the hollow cathode 

so that energetic electrons are reused and can sustain the plasma [4]. These energetic 

electrons generate numerous secondary electrons in the bulk of the plasma, thus

3 Hollow cathode discharge is described in Chapter 1.

Workpiece Plasma Plume

Active Dis 
charge

t t t t t ®3S ̂ OW
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providing a very high electron density. The reuse of energetic electrons allows hollow 

cathode plasmas to be sustained at relatively low voltages.

On the other hand, at high pressure, electrons lose energy due to high collision 

rates and do not have sufficient energy to penetrate the sheath. Hence reuse of energetic 

electrons is hindered. The microhollow plasma discharge device described here operates 

at atmospheric pressure and does not allow the Pendel effect. However, the discharge ge­

ometry does provide high current density in comparison to other APGD microplasma de­

vices [5]. Its 1 to 30 cm length is also advantageous over other similar microplasma de­

vices and allows use in wide area processing application in push-broom approach.

Figure 2.1 shows the open air operation of the microhollow discharge device. In 

this case, plasma created in the hollow slot geometry is extended linearly up to ~35 cm. 

The width, w, is restricted to facilitate the breakdown and to minimize the mixing effect 

of the ambient air. The device operates in the normal glow mode at relatively high current 

density and generates energetic species that can be used in a variety applications [6, 7]. 

Generation of microplasma using this device requires RF excitation field and inert gas(es) 

as the plasma medium. Operation in the open air allows ambient air species to mix into 

the plasma.

In this chapter we discuss the results of RF electrical measurements of plasma in­

put impedance which were performed in order to determine APGD microplasma proper­

ties such as: current-voltage characteristics, sheath and bulk voltage, sheath non-linearity, 

electron density etc. Electrical parameters (R, X , V, /, <£>, P etc.) of the hollow slot micro 

discharge device are measured in order to explain voltage-current characteristics, sheath 

dynamics, bulk properties, electron density, sheath non-linearity etc. In general time
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averaged measurements alone do not capture sheath dynamics and can not take account 

of sheath non-linearity [8]. However, it will be shown that at high pressure, the sheath 

non-linearity is small and the time varying electric field can be considered as an effective 

DC field. Thus the APGD microplasmas considered here can be treated with the time av­

eraged measurements.

2.2 Microdischarge Geometry, Experimental Setup and Operating Conditions

2.2.1 Microdischarge Geometry

Figure 2.2 shows the microhollow discharge geometry. The device consists of a 

wedge shaped electrode and a of pair electrodes with a slotted opening. The wedge 

shaped electrode is powered with RF and insulated (from the outside) which makes 

handling of the device easy and safe. The wedge is made of copper and the top of the 

wedge is separated from the bottom surface of the slotted electrodes. The slotted alumi­

num electrodes are grounded. The distance, d, between the grounded electrodes and the 

powered electrode is varied (400, 500 and 600 pm). The device used for electrical meas­

urements is similar to that shown in Figure 2.1 but shorter. Slot width, w, is -200 pm and 

length (L) is -  7.5 cm (direction perpendicular to the plane of the paper). Both the pow­

ered electrode and the slotted electrodes are water cooled to reduce thermal emission (i.e. 

secondary emission) from the cathode surface that may cause glow to arc instability, and 

to prevent material (melting) failure. There is a recess beneath the powered electrode 

through which rare gas (typically industrial grade helium (He) or argon (Ar)) flows into 

the gap between the electrodes prior to exiting through the opening of the grounded slots. 

Once gas breakdown is achieved, RF power sustains the plasma inside the slot. An ex­

tended plasma beyond the slots, referred to as the plume plasma, is sustained by energetic
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species (metastables, superelastic electrons, vibrationally excited molecules etc.) that exit 

the active discharge region. We note that all plasma operation is under open air condi­

tions and ambient gas may enter the slot due to diffusion and entrainment. (These effects 

are expected to minimal due to positive pressure of rare gas inside the slot). As will be 

seen, optical data shows that there are contributions from the ambient to the slot plasma 

[6, 7].

OUTIN

CN

(a) (b)
Figure 2.3: Schematics of the matching network used to deliver maximum power to the microhollow 
discharge, (a) matching network used for plasma generation at 13.56 MHz and 27.12 MHz and (b) 
for 60 MHz.

Z-Scan Probe Microplasma Device

RF Generator
Computer

Matching
Network

Figure 2.4: Schematics of the experimental setup for microplasma generation from microhollow 
plasma device.

2.2.2 Setup for Electrical Measurements

Figures 2.3 and 2.4 show the impedance matching networks and experimental 

setup for electrical measurements respectively. Advanced Energy (AE) RF generators are 

used to deliver RF power to the slotted microdischarge device via the matching network. 

An AE Z-scan probe is inserted between the matching network and the microplasma de­

vice. The AE Z-scan probe measures root-mean-square (RMS) values of current (/(t)),
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voltage ( V(t)) and phase (CP(t)) which are collected to computer via a Labview program. 

The real part of the RF generator exit impedance is 50 Q. The purpose of the matching 

network is to match the source impedance to the load (plasma) impedance in order to de­

liver maximum power. Since the plasma condition may vary with the operating para­

meters (discharge gap, rare gas, impurity etc.), variable capacitors are introduced in the 

matching networks to match impedance and phase of the load (plasma) such that standing 

wave ratio (SWR) is minimum, i.e. the effect of the reflected wave is minimized [9]. 

Other plasma parameters, such as resistance (R) and reactance (X), capacitance (Q , 

power (P) etc. are calculated from RMS values of 7(t), V (t) and &(t).

2.2.3 Operating Conditions

A rare gas (helium or argon) is flowed (10-15 slpm) into the open space between 

the powered electrode and the slotted electrodes as shown in Figure 2.2. After initial gas 

breakdown, the plasma in this region is sustained by the RF power. A bright luminous 

plasma is observed inside and outside the slot due to outward gas flow. The spatial extent 

of the plume plasma (plasma outside the top-surface) depends on the gas flow rate and 

composition, delivered power. The electrode separation is varied from 400 to 600 pm in 

steps of 100 pm. As will be seen, after the breakdown of rare gas the voltage across the 

discharge remains nearly constant.

The discharge operates in open-air conditions with pd  of —10 Torr-cm where p  

stands for pressure and d for discharge gap. At different frequencies and gas flow combi­

nations typical values of electric field E  =1—10 kV/cm and E/N  values of 10-70 Td (1 Td 

= 10'21 V-m2). Diffuse non-filamentary discharges are created at currents below -1.5 A 

per cm of slot length, corresponding to a current density of, y—1.5 A/cm . For y>1.5
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2 2 A/cm , glow-to-arc 1-V discharge instabilities are observed, and above 3.0 A/cm spa­

tially confined filamentary discharges occur.

Sheath Sheath

Fp~0

O
Plasma H 5

Plasma

+

-Vs
>•

(a) (b)

Figure 2.5: (a) DC sheaths are formed next to the cathode and the anode (the regions between the 
dotted lines and the electrodes (cathode and anode)) [10]. b) Curve shows the ion density distribution 
in the sheath. The density of ions decreases toward the electrode but the velocities of ions increase.

2.3 Theory

The experimental setup for the electrical characterization of the RF driven hollow 

electrode microdischarge plasma was described above. Electrical measurements are made 

primarily in the normal glow discharge mode.

In general, DC normal glow plasmas have well defined sheath and bulk regions 

[11, 12]. The bulk has quasi neutrality of charge. Sheaths form next to electrodes due to 

space charge (ions) accumulation. In DC discharges sheaths are well defined and station­

ary, whereas in RF discharges the sheaths are not stationary and tend to vary with the ap­

plied excitation frequency. The varying sheath makes interpretation of the discharge 

mechanism more difficult than in DC discharges. It will be shown that in high pressure 

plasmas the varying sheath dimension does not contribute significantly to sheath non- 

linearity (Section 2.4.1), and sheath non-linearity arising from inhomogeneous ion
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velocity distribution is small4. Thus RF driven APGD microplasmas can be treated with 

DC approximations (i.e. time averaged measurements).

For better understanding of the sheath and bulk region characteristics of microhol­

low discharge plasmas, a brief discussion of DC plasmas [11, 12,14] is presented below.

2.3.1 DC Sheath

We expand on the discussion of Section 1.2. In a DC plasma, generation of each 

electron in the bulk is accompanied by creation of an ion. These electrons have higher ki­

netic energy than the ions, and are lost at a faster rate as they hit the electrodes. Thus a 

net positive charge builds up in the plasma. However, this behavior is not observed ex­

perimentally and charge neutrality holds. Therefore, the plasma must have a positive po­

tential with respect to the electrodes (and the electrodes acquire a net negative potential). 

The function of the negative potential at the electrodes is to attract ions and repel elec­

trons. The accumulation of ions near the electrode forms a sheath through which electron 

conduction current is very small (only sufficiently energetic electrons can overcome the 

potential barrier and balance the ion losses). For any negative potential at the electrode, 

the thickness of the sheath is determined the by the characteristic Debye length [15, 16], 

Xd, at which the negative potential is screened and prohibits further accumulation of posi­

tive ions. The sheath formation ensures the charge neutrality. Voltage drops across the 

cathode sheath and anode sheath are different in a DC discharge (Figure 2.5a).

4 In the atmospheric pressure cold plasmas, ion collision frequencies with neutrals are very high (Table 
2.1). It is known that the accelerating ions moving through the same gas species suffer charge exchange 
collisions [13], the process is fast and the new ion which was moving under the thermal velocity will have 
to start anew to follow the applied RF frequency. Since the collision frequency (Table 2.1) and cross sec­
tions are high, the new ion will again suffer collisions, possibly charge exchange collisions. Hence it is 
suggested that the ionic sheath oscillation will have very small effect in the sheath dynamic behavior com­
pared to sheath oscillations due to electrons.
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Since the potential falls off sharply from the sheath boundary towards the elec­

trode, a potential gradient causes the ions to accelerate. Following particle conservation, 

acceleration of the positive ions results in a nonlinear distribution of ions in the sheath 

(Figures 2.5b shows the ion distribution in a DC sheath). At the boundary of the plasma 

and sheath, the electron density and ion density are approximately the same but the elec­

tron density tails off faster in the sheath compared to the ion. The nonlinear distribution 

of ions can generate harmonic contributions and its effect will be discussed in a later sec­

tion.

8
Plasma

Figure 2.6: Oscillating sheath [8]. S  represents the ionic sheath. S, and S2 are the maximum and 
minimum sheath widths due to electrons motion in the RF field. Solid and dashed curves represent 
ion and electron densities in the sheath.

2.3.2 AC Sheath

In general when an AC field sustains a plasma, the sheath widths and voltages are 

no longer constant in time but vary with the applied frequency. We assume an oscillating 

(RF) electrical field of the form,

E(t) = Eo cos (Drft 2.1

where, Eq and 0)rf, are the amplitude and the frequency of the applied RF electric field 

respectively.
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If the applied RF frequency is such that equation 2.2 below is a good approxima­

tion, then the discharge current is carried by the electrons, which follow the instantaneous 

electric field [17].

where, vm = electron collision frequency (with neutrals in APGD plasmas).

When <X>i« Q)r[ .«  ti)pe, then ions follow the time averaged electric field and the

electrons follow the instantaneous electric field [18]. In this situation the sheath has 

charge contributions from both the ionic sheath and the electronic sheath. The behavior of 

the ionic sheath resembles the DC sheath. The electronic sheath arises from the electronic 

motion caused by the rapidly varying RF field. During the negative cycle of the applied 

RF field, electrons are repelled further from the cathode therefore leaving unbalanced 

ions (since ions can not follow the instantaneous field) and the sheath grows beyond the 

ionic sheath S and reaches the maximum sheath thickness S/ when the applied RF voltage 

reaches its maximum negative value (Figure 2.6). Similarly the sheath shrinks during the 

positive half cycle. Therefore, the sheath width oscillates due to electron motion. In Fig­

ure 2.6, S  is the ionic sheath, and Sj and S2 are minimum and maximum sheath widths [8, 

19]. In the oscillating sheath, the electric field is still predominantly formed by ions but 

the assumptions of negligible electron density is wrong for S(t)<S2 (Figure 2.6) (collaps­

ing sheath) [20]. The electron density in the ionic sheath does not tail off immediately be­

cause during the negative cycle electrons penetrate into the ionic sheath. Therefore the 

spatial profile of charge density in the sheath (n+-ne) is highly non-linear which causes 

harmonics. When 0J^ C 0RF« 0 ) p e , ions also can follow the applied oscillating field and

v
1 +  — f -

a  RF j

2 Y /2
2.2

V
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the sheath oscillation is the sum of the electronic sheath oscillation and ionic sheath oscil­

lation. Hence sheath dynamics become even more complicated. Oscillating sheath pro­

hibits the use of time averaged measurements to describe the sheath properties. This is 

typically the case in low pressure RF discharges [8, 19].

2.3.3 Validity of DC Approximation

The above discussion emphasizes that at low pressure the sheath behavior for an 

applied oscillating electric field is different than for a DC applied electric field, due to the 

oscillating electronic sheath. In the atmospheric pressure microplasma the condition

iOi«(DRF« (Ope is not valid, since 0)j~(ORF (Table 2.1), so that questions of possible ion

oscillation in the sheath arise. However, owing to a large number of collisions with neu­

trals (including charge exchange collisions, the ions can not reach high energies and are 

not expected to show significant oscillatory behavior4. Therefore, the electronic sheath 

may oscillate. Infact, we will show neither ionic sheath nor electronic sheath has signifi­

cant contribution to the total sheath thickness, so that sheath oscillation can be neglected 

in the atmospheric pressure microplasmas. Therefore RMS (Root Mean Square) values of 

plasma parameters (/, V, 0) are sufficient to analyze the slot microdischarge plasmas, 

considering the non-linearity of the plasma device is small (significant presence of higher 

harmonic contents may increase contribution from the displacement current considerably 

[21]).

Following the mathematical expressions from ref. [25] and data provided in Ta­

bles 2.1-2.2 we show that electron/ion motion in atmospheric pressure microdischarge 

plasmas is indeed comparable to that for an effective DC field (i.e. the contribution from 

the electronic sheath to the total sheath thickness can be discarded, thus reduces the
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sheath non-linearity). Measurements and associated discussions of the harmonic contents 

of microplasmas in the next section validates that the sheath non-linearity is small.

Table 2.1: Plasma frequencies of electron, Ar+ and He* at different electron densities.

Charge density 0)e (GHz) CDHef (GHz) CDAr+ (GHz)
1.00E+17 14.1 0.164 0.052
1.00E+18 44.6 0.520 0.164
1.00E+19 141.0 1.640 0.520
1.00E+20 446.0 5.200 1.640

Table 22: Collision frequency of He*I Ar+ ions in tbeir respective neutral gas and electron collision 
frequency with neutral He and Ar gas at atmospheric pressure.

Collision frequency (GHz) Collision frequency of electron (GHz)
He+ in He Ar+ in Ar in He in Ar
~8 [22] ~6[23] ~1520[24] ~4030[24]

Note: Collisional frequencies are extracted from references [22] and [23] at temperature T=700 K and 
E/P~ 10 V/cm-T orr.

We consider the RF electric field given by equation 2.1. The force on a charged 

particle can be approximated as [25]:

m ĉ l l  = ±eE(t) + mv(t)vm 2.3
dt

If after a number collisions the change in phase of the charge particle is (f) then the veloc­

ity and the position of the charged particles are (for simplicity the subscript RF is 

dropped from ( O r F)

v(f) = ± , eE()cos(ojt + f )   ̂ 24
(m a 2(l + v 2 /a>2) 12)

r(t) -  r0 ± r c£»C°s(^ i ,  2.5
(/w®2(l + v 2m / co2J 2 j

where, (j) = arctan ( vJoS) and r0 is the equilibrium position.
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For the APGD microplasma, the collisional frequency is large compared to the 

applied frequency (vm» (o )  (Table 2.2), so that:

v(t) -  ± g- n sin(cot + <j>) = ± - E ^  = juE(t) = vd(t) 2.6
" 2 ^  w vm

and the plasma constituents move with a drift velocity v^(t), where /u=e/(mvtn) is defined 

as the mobility of the charged particles.

Table 2.2 shows that the APGD microplasma electron/ion collisional frequencies

7  8(vm) are large compared to the applied RF frequencies (~10 to 10 Hz). Under this con­

ditions the motion of the charged particles can be considered due to an effective DC 

field. This confirms that the electronic sheath oscillation effect is small in APGD mi­

croplasma.

*— w-

(a) (b)

Figure 2.7: (a) Circuit model of RF (AC) generated plasma and (b) equivalent circuit model of RF 
generated microplasma.

2.3.4 Equivalent Circuit Modeling

Sheaths are formed at the electrodes due to space charge accumulation. The cur­

rent through the sheath will be sum of ion current (/i0n), displacement current (idisp) and 

electron current (7e). Hence the sheath is modeled as a combination of a diode, a capaci­

tor, and resistances; representing components through which the ion current, displace­

ment current and the electron current are conducted respectively. Since the APGD mi­

croplasma satisfies equation 2.2, the bulk can be considered as a conducting media with
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high electron velocity. Thus, current through the bulk will be due to electrons (7e) only, 

and the bulk can be represented by a resistance Rf,. Therefore the circuit representation of 

the sheath and plasma take the form shown in figure 2.7a.

As discussed before, the electron density tails off very rapidly in the sheath, so 

that its contribution to the total sheath current can be disregarded. Hence the electronic 

sheath resistance, R e is dropped from the equivalent circuit (Figure 2.7b). The ion con­

duction current in the sheath can be expressed as, IMn= n qvH, where «+ is ion density, q is 

the charge, and vB is the Bohm velocity. The ion current density in the sheath is much 

smaller than the displacement current density in a collisionless plasma [26], so one can 

drop the contribution of the ion current (i.e. remove R\) in the RF collisional plasma5. Al­

though each sheath capacitance has time dependence, the total capacitance is time inde­

pendent [27]. Hence in the (final) equivalent circuit the sheath capacitances are combined 

to an equivalent capacitance. The equivalent circuit is shown in the Figure 2.7b.

2.4 Results and Discussions

This section focuses on interpretations of the experimental observations. We con­

centrate on harmonic measurements and their significance for validating time averaged 

sheath behavior, calculation of electrical parameters, I-V  characteristics, capacitive nature 

of the microdischarge, asymmetry and its significance on sheath characteristics, and self 

consistent electron density calculation from sheath capacitance and bulk resistance.

2.4.1 Harmonics and Implications on Sheath Behavior

In a low pressure cold plasma, the applied RF current and voltage contain the 

fundamental frequency and a number of harmonics. Non-linear behavior, i.e. odd and

Ions suffer more elastic collisions and charge exchange collisions  ̂ thus, the reduced velocity o f ions m the
sheath conducts negligible ion current compared to the displacement current.
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even harmonics, stems primarily from discharge asymmetry and from the non-linearity of 

the sheath ion distribution [20, 28, 29]. Non-linear response of the electronic sheath to 

the applied RF voltage (i.e. sheath is not expanding and contracting according to the ap­

plied oscillating voltage [30]) can also contribute to higher order harmonics. Other effects 

such as external circuitry may add non-linearity in the sheath due to self DC bias voltage 

[20,31],

1.0

0 . 8 -

co
3

JO  0 . 6 -

coo
(C 0 .4 -co
0<0 1 
LL 0 .2 -

0.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Harm onics
Figure 2.8a: Voltage harmonic contents of helium mieroplasmas driven by 13.56 (black), 27.12 (gray) 
and 60 MHz (hatched) respectively.

Large non-linearity in the APGD microplasma can result in inaccurate explana­

tions of sheath behavior, because our calculations assume sheath is due to time averaged 

motion of ions and disregard the sheath oscillation. This section thus focuses on the ex­

perimental validation of the approximation that the atmospheric pressure sheath is mainly 

formed by the time averaged motion of ions and the oscillating electric field do not have 

any major impact in the sheath behavior as opposed to low pressure RF plasmas [8,19].
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Figure 2.8b: Current harmonic contents of helium microplasmas driven by 13.56 (black), 27.12 
(gray) and 60 MHz (hatched) respectively.

Figure 2.8a,b show the contributions of different voltage and current harmonic for

helium microplasmas at iv =  13.56, 27.12 and 60 MHz. The measured harmonics for all

three RF frequencies for argon and helium discharges show that the major contribution is

always from the fundamental harmonic and contributions from all higher order harmonics

are relatively small (<10%). At higher frequency (60 MHz), contributions from higher

harmonics in the voltage are more pronounced. This is due to the contributions from the

oscillating sheath rather than the nonlinear distribution of ions in the sheath because:

i. at higher frequencies the sheath width is smaller [30, 32] so any fractional variation in 

the sheath has a large compared to this smaller time averaged sheath width.

ii. due to smaller sheath width, the time average potential difference across the sheath 

will have higher potential gradient and therefore higher nonlinear distribution of ions. In 

the current harmonic, higher order harmonics appear at 13.56 MHz microdischarge
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operation. This behavior is not well understood at this time. Figure 2.9a,b show the cur­

rent-voltage waveform for helium plasma at 27.12 MHz. The distortions (i.e. non­

fundamental content) in the voltage and current are clearly small.

\
/

20 40
Time (ns)

Figure 2.9a: I-V  waveform at 27.12 MHz with no load (no ignited plasma and feed gas is argon).
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Figure 2.9b: I-V  waveform at 27.12 MHz with load (plasma ON and feed gas is argon).

From the experimental observations (small contribution of higher harmonics) it 

can be concluded that the non-linearity in the sheath (due to time varying electric field
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and non-uniform ion distributions in our highly collisional APGD micro plasma) does not 

prevent us from considering the time averaged sheath (instead of instantaneous sheath 

dynamics). This is likely due to the fact that in the collisional plasmas, the ion fluxes do 

not decrease significantly as they traverse toward the electrode (particle conservation): 

Rather than gaining energy due to the sheath voltage gradient, collisions make the ion 

energy distribution uniform in the sheath [8, 20]. Non-linearity at lower RF frequencies is 

observed to be small. To gain more complete knowledge, more data points at different 

power levels would be useful.

2.4.2 Calculation of Electrical Parameters from Measured Values

The experimental setup for data acquisition has been described in section 2.2. 

Figure 2.4 shows the experimental setup for acquiring time averaged (RMS) electrical pa­

rameters using the AE Z-scan probe. The measured time averaged RMS values of current 

(/e-Zftf), voltage (VRF-=Vg) and the current-voltage phase (@) have been employed to cal­

culate the discharge impedance Z, bulk resistance (Rb), sheath reactance X, capacitance 

('Ceq= C ), sheath voltage Vs and bulk voltage Vb using the equivalent circuit model (Figure 

2.7b) and the following set of equations.

Z = V /I rf 2.7

Xsheath Z  sin(CP) 2.8

Rb= ( Z 2 - X sheath2) l/2 2.9

C=\l/((oRFX)\ 2.10

Fs= lRF*Xsheath 2.11

vb= (Vg2-Vs2f /2) 2.12
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Due to the capacitive nature of the discharge there is a phase difference between 

the current and voltage (and thus real and reactive impedances). Calculations are per­

formed under vector rules. Table 2.3 provides data for glow voltages for 13.56 MHz and

27.12 MHz operation with different interelectrode gaps.

By ° Power 4

V (PB)(A 200-

® tooo>
CD P . (PB)

0.2 0 .4  0.6 0.8 1.0 1.2 1.4
Current, (Amp.)

2^60-

J
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Current, (Amp.)

Figure 2.10 (a) & (b): Power, voltage and phase variations with respect current for 13.56 MHz argon 
plasmas (electrode separation = 400 pm and argon gas flow rate was -15 slpm).

Table 2.3: Hollow slot Ar and He microplasma glow voltages at different frequency and discharge 
gap [33].

Gas
RF frequency 

(MHz)
Interelectrode spacing (pm) and breakdown 

voltage (V olts)
400 (pm) 500 (pm) 600 (pm)

Argon 13.56 149 V 154 V 159 V
27.12 138 V MOV 141 V

Helium 13.56 128 V 135 V 141V
27.12 115 V 116V 121V

2.4.3 Current. Voltage and Delivered Power Characteristics 

A representative I-V  characteristic for the Ar microplasma driven by a 13.56 MHz 

RF source for an electrode separation of 400 pm is provided in Figure 2.10a. The figure 

also shows the delivered power. Figure 2.10b shows the phase variation (w.r.t. current,
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Irm s)  for same condition. In the Figure 2.10a,b A to B regions correspond to the pre­

breakdown regions where as the post breakdown regions are denoted by PB in parenthe­

sis. Similar behavior is observed for argon plasma at 27.12 MHz, as well as 13.56 and

27.12 MHz helium plasmas for different electrode separations. Figure 2.10 contains dis­

charge information before and after gas breakdown. Rare gas breakdown voltage is very 

high (~ 450 V) compared to plasma sustaining glow voltage, Vg (-150 V). The gas break­

down voltage increases with increased discharge gap length as expected. Table 2.3 shows 

the plasma sustaining voltage for 13.56 MHz and 27.12 MHz Ar and He microplasmas 

for different electrode separation.

In the pre-breakdown regime (Figure 2.10) Vg increases linearly (section AB) 

where as the delivered power remain nearly zero and the phase between Irf & Vg is ap­

proximately constant at -n/2 (suggesting a purely capacitive device before gas break 

down). In the post breakdown region (CD), the glow voltage, Vg, remains nearly con­

stant. The voltage characteristic (versus current) in the post breakdown resembles the low 

pressure DC normal glow (Figure 1.3). Similarly, the I-V  curve also shows the hysteresis 

observed for low pressure DC glow discharge, i.e. after gas breakdown the discharge cur­

rent can be lowered below the point at which the breakdown occurs. In the post break­

down region the power increases linearly with increasing current and the phase angle 

changes to a lower negative value. Change in the phase angle corresponds to a switch 

from a purely capacitive behavior to a combination of both capacitive and resistive be­

havior.

For 60 MHz operation, the post breakdown region shows different I-V characteris­

tics for the both helium and argon microplasmas. Instead of constant glow voltage, a
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growing Vg (Figure 2.11) is observed with increasing current and approaches a plateau at 

relatively high discharge current.

150
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Figure 2.11: Glow voltage of argon microplasma at different RF frequencies.

2.4.4 Sheath Characteristics and Electrode Area Asymmetry Effect

In the previous section the capacitive nature of the microdischarge plasma has 

been described. This section is directed towards the effect of the capacitive nature and its 

influence on plasma properties. In the RF driven (13.56 and 27.12 MHz) microdischarge 

plasmas, the observed glow voltage (Figure 2.11) show close resemblance to DC sheaths 

voltages [11]. Figures 2.12 and 2.13 show the sheath voltage characteristics of argon and 

helium microplasmas at 13.56, 27.12 and 60 MHz operation for 400 pm electrode separa­

tion. Sheath voltage is calculated from the measured RMS current and from calcu­

lated reactance values. Voltage drop across the sheath is larger at low current and de­

creases with increasing current for 13.56 MHz argon/helium microplasmas. It is observed 

that the sheath voltage drop in the argon microplasmas are larger compared to helium 

discharge at same RF excitation frequencies. This observation is attributed to (i) Penning 

ionization6 and (ii) elastic collision (electron suffers less elastic collisional loss in the

6 High energy metastables o f  helium compared to lower energy argon metastables can easily ionize other 
species that originates from impurity o f  the gas and from open air operation
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helium gas because the loss depends on the ratio electron mass to atomic or molecular 

mass. Therefore in the (helium) bulk plasma electrons are more effective in generating 

electron-ion pair by inelastic collisions and thus requires less sheath voltage to sustain the 

discharge).
-25

■ 13.56 MHz 
•  27.12 MHz 
A  60 MHz

o> -75-O)

-125

-150
31 2

Current (Amp.)

Figure 2.12: Sheath voltage of argon microplasma at different RF frequencies.
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Figure 2.13: Sheath voltage of helium microplasma at different RF frequencies.

At 60 MHz operation Vs decreases with increasing discharge current (Irf)- Sheath 

voltage (Vs) at 13.56 MHz and 27.12 MHz operation follows the same trend (with in­

creasing current, the sheath voltage falls off sharply at lower current region and then falls
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off slowly at higher current region). At low current, the sheath voltage is high, therefore 

the electrons emitted from the cathode have larger contributions in sustaining the plasma. 

As the current increases, more electrons are generated in the bulk by volume ionization, 

the discharge therefore self-adjusts its sheath thickness and voltage to maintain the

greater at 27.12 MHz than that of 13.56 MHz operation. The behavior of the sheath volt­

age drop is primarily due to the effect of the matching network and discharge geometry 

(sheath asymmetry at different discharge current) [34, 35]. In a symmetric discharge there 

is no self bias voltage since both electrodes accumulate the same charge. A brief descrip­

tion of the effects of external circuitry and geometry on the microdischarge is given here 

based on the work of Kohler et al [34], Raizer and Schneider [36], Chandhok and Grizzle 

[20] and on detailed discussions of these works by ref. [35].

Figure 2.14 shows asymmetric low pressure plasmas generated by alternating 

fields. In Figure 2.14a there is no blocking capacitor and averaged potentials across the 

grounded and powered electrodes are equal [20] thus the DC bias equals zero:

where, <Vsi> and <Vs2> are the average DC sheath potentials. Introducing a blocking 

capacitor (Figure 2.14b) in an asymmetric discharge results in different amount of charge 

accumulations on the electrodes, i.e. a self bias DC voltage Vdc arises [35]. Considering 

the plasma an ideal conductor (i.e. resistance Rb ~ 0), gives:

plasma. It is also observed that for all I r f  the absolute value of the sheath voltage, | Vs\ is

Vdc~ < Vs2>  - < Vs2>  — 0 2.13

2.14
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and voltage at the powered electrode

V2 = — — — V g
C2+Cj *

2.15

Vsj

RF

(b)

Cs \\C2 VP ||Cy

RF

(c)
Figure 2.14: RF driven asymmetric plasma discharge: (a) without and (b) with blocking capacitor 
CB [20]; and c) equivalent circuit of figure (b).

From equation 2.14 it can be seen that the negative DC bias appears when the 

powered electrode has smaller sheath area and hence smaller capacitance. The microdis­

charge device has a smaller area powered electrode compared to the grounded electrodes 

that results in a large negative DC bias voltage when there is a blocking capacitor present 

(e.g. 13.56 MHz and 27.12 MHz matching network, Figure 2.3a).

Sheath voltage Vs has large negative value at lower RF currents and decreases 

with increasing current for 13.56 and 27.12 MHz argon and helium microplasmas (Fig­

ures 2.12 and 2.13). This observation is most likely the effect of increasing the powered 

electrode sheath area at a faster rate than the grounded electrode, i.e. C2 = C\ which re­

duces the self biasing influence. Observation indicates that the 13.56 MHz sheath
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voltages are less than those of 27.12 MHz sheath voltages for both argon and helium 

plasma. This is due to the blocking capacitances (different matching networks have been

150
■ 13.56 MHz
•  27.12 MHz
A 60 MHz

O 1 0 0 -

o>

0.5 1.0 1.5 2.0 2.5
Current (Amp.)

Figure 2.15: Bulk voltage characteristics of argon microplasmas at 13.56, 27.12 and 60 MHz for elec­
trode separation of 400 pm.
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Figure 2.16: Bulk voltage characteristics of helium microplasmas at 13.56, 27.12 and 60 MHz for 
electrode separation of 400 pm.

used and the values of the blocking capacitors were different at 13.56 and 27.12 MHz). In 

the 60 MHz operation, there is a DC path to ground via an inductor, therefore the behav­

ior of the sheath voltage does not contain a significant amount of self-bias, which
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explains the different trend of the sheath voltage drop at 60 MHz operation. At 60 MHz 

the sheath voltage drop increases with current.

Increase in current decreases the asymmetry hence the sheath width (sheath im­

pedance). Decrease in sheath reactance causes less amount of voltage to drop across the 

sheath. Since the glow voltage (RF voltage that maintains the plasma) remains the same, 

the excess voltage will appear in the bulk. This behavior is clearly observed in Fig­

ure 2.15 and 2.16. In the 60 MHz operation, the bulk voltage increases with increasing 

current Sheath voltage is expected to decrease. This contradictory behavior is owing to 

different I-V characteristics (Figure 2.11) of 60 MHz operation where the glow voltage 

(applied RF voltage) increases with current (as opposed to 13.56 and 27.12 MHz mi­

croplasmas where the glow voltage remains nearly constant). This observation does not 

have any bearing from the sheath asymmetry or larger capacitance value, instead the 

voltage division between the bulk plasma and the sheath capacitance only.

2.4.5 Bulk Properties

The representative Figures 2.15 and 2.16 show (13.56 MHz and 60 MHz with an 

electrode separation of 400 pm) the resistance and capacitance with respect to current 

for the argon and helium microplasmas respectively. Similar behavior is observed for he­

lium and argon microplasmas at all frequencies and electrode separations. The bulk of the 

plasma can be considered as a conducting medium where the ohmic relation between cur­

rent and voltage holds. As discussed before (Figure 2.11), the glow voltage Vg 

(Vg=Vs+Vb), remains nearly constant at 13.56 and 27.12 MHz operation, whereas at 60 

MHz operation Vg increases with increasing current. The glow voltage is vector sum of 

the bulk voltage drop and sheath voltage drop. The plasma and sheath behavior show
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different characteristics at high currents. The bulk voltage drop increases at relatively low 

current before reaching a plateau at higher current, especially for low frequency opera­

tion. At low current, the resistance has a positive slope, while at the high current resis­

tance decreases (negative V-I relationship). Let us consider the simple circuit model of 

the sheath capacitance as a parallel plate capacitor in series with the bulk resistance (Fig­

ure 2.7b) . The Capacitance (C) of the sheath and the resistance (Rb) of the bulk can be 

expressed as:

^  s o Ac  = — —  2.16

where, A is the sheath area, L is the effective gap between the electrodes (400-600 pm), S 

is the sheath thickness, So is the permittivity of free space and p  is the resistivity of the 

bulk plasma. In highly collisional (atmospheric pressure) RF plasmas [37]:

p  = L  = !0£±. 2.18
a  e ne

where ve is electron collision frequency with the background gas.

Since both the sheath thickness and sheath area are functions of current and 

change in the sheath area results in changes in the average bulk plasma length7, equation 

2.17 and 2.18 can be rewritten as:

* o A ' ( I )C ( 1 ) = ---------------  2 19

7 Due to asymmetric geometry, increase in lateral width of the sheath increases the discharge gap length 
and thus the bulk plasma length (Figure 2.15).
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Figure 2.17: Calculated values of resistance and capacitance of argon microplasma operated at 13.56 
MHz.
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Figure 2.18: Calculated values of resistance and capacitance of helium microplasma operated at 60 
MHz.

In the low current regime, both C  and Rb increase with respect to current while 

at higher current Rb decreases and C' increases. Increase in the capacitance can be attrib­

uted to increase in sheath area and/or decrease in the sheath thickness. Since an increase

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in area would result in an increase in the capacitance, but a decrease in the resistance, we 

conclude that in the low current region decreases in sheath thickness dominates. There­

fore, area is only a weak function of current in the low current region, and the term in the 

numerator of equation 2.20, L ’(I)-S'(I) increases at a faster rate than the sheath area. This 

conclusion assumes that both the electron density8 ne and electron collision frequency9,10 

in the bulk plasma remain approximately constant [24, 38, 39].

In the high current region, both the sheath thickness and area contribute to the 

changes in C' and Rb’, and therefore the increase in capacitance is non linear. A non-linear 

curve fit (red lines in figure 2.17 and 2.18) describes the exponential growth of capaci­

tance with respect current.

At higher current, the sheath thickness does not change appreciably so that the re­

sistance decreases with increasing sheath area. The resistance at 13.56 MHz is as high as 

~ 7 times compared to the 60 MHz for argon microplasmas (not shown here). This behav­

ior is not consistent with expectations. At high frequencies sheath thickness generally de­

creases [32, 40], therefore the bulk length and resistance of the plasma should increase. 

The inverse relationship between RF frequency and resistance has been observed by 

Beneking [40] as well. Further experiments and investigations are required to explain the 

bulk plasma properties.

8 Increase in current is accompanied by the increase in discharge area, therefore electron density remains 
the same.

9 Note that electron temperature is almost independent o f power density for lowly ionized plasma at con­
stant pressure and electrode separation [38], therefore the mean kinetic energy, hence the time between 
successive collisions is independent o f  current (power density). This is not valid i f  there is a gradient o f  
electron density in the direction o f the field, for example, when longitudinal striations are present. In such 
cases, collision frequency increases with increasing field [39].

10 At atmospheric pressure plasmas, electron mobility (i.e. collision frequency) can be approximated as a 
constant [24].
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2.4.6 Calculation of Electron Density

Electron/ion density and electron/ion energy distribution functions are among the 

most important parameters for plasma characterization. The Langmuir probe is an effec­

tive tool to measure both these parameters for low density plasmas [41]. However, for 

high pressure plasmas Debye shielding restricts the use of Langmuir probes. APGD mi­

croplasmas therefore require other means to characterize these properties. In the absence 

of probe measurements, sheath voltages (from electrical measurements) have been used 

to determine the electron densities of APGD microplasmas generated by RE sources.

This section focuses on self consistent electron density calculation. The calcula­

tions use the well developed DC model using the Child law sheath [42] and RE colli- 

sional sheath model [43]. We employed the collisional sheath model by Liebermann [8, 

43, 44] with the modified high pressure Bohm velocity (numerically attained Bohm ve­

locity relation at high pressure by Godyak and Sternberg [8]). With this description, elec­

tron densities are calculated self consistently using the calculated values of capacitance 

and resistances.

High Voltage Sheath (Child Law Sheath)

Formation of sheath and sheath dynamics is discussed in earlier sections. Ions 

generated in the plasmas move toward the sheath The ions must maintain a velocity 

greater than the Bohm velocity to enter the sheath. The ion Bohm velocity for collisional 

plasma can be expressed as [8]:

vB =
r e{T'e + T t

1 / 2 /  N —1/ 2

1 + fk
V 2 2 , ,

2.21
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where, T 'e and T t are the electron and ion temperature in electronvolts respectively. The 

second term in the right hand side of the equation is the correction factor for a collisional 

plasma while the first term represents the ion Bohm velocity for a collisionless plasma. 

Note that the Bohm velocity is reduced for collisional plasma. The Debye length, X& and 

ion mean free path, are expressed as [45]:

A, =
n na

X d * 7434 X
f  T < V ' 2

\ " e j
(meter )

2.22

2.23

where n„ and cr are atom density and atom-ion collision cross-section and ne is electron 

density in m"3.

At very low pressure where \& « \\  and for T 'e» T ' j  equation 2.21 yields the ex­

pression for the ideal (low pressure) Bohm velocity (equation 1.3) [10]. With the reduced 

Bohm velocity the ion current density at the sheath plasma is:

J 0 = nevB = ne
/  * \  1/2  s

e(Tt + 7))^ '

V m.
\ + !cXj

-V -1 /2

V
2.24

If the electron density in the sheath is negligible, and movements of the ions are 

mobility limited (i.e. independent of applied field), then according to space charge lim­

ited Child sheath theory, the ion current density can be written as [42, 46]:

4 f  2 e ^
*̂ o — n £o9  { m i y

1/2 3/2

2.25

where, S is the sheath thickness.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This sheath theory is valid for a time independent sheath. It has already been dis­

cussed that although the sheath thickness at each electrode varies with time, the total 

(sum) sheath thickness remains constant. Instead of using the relative permittivity values 

for argon or helium, free space permittivity can be considered for atmospheric pressure 

microplasma because the fractional ionization is very small (~10‘6 or less) and the permit­

tivity of neutral argon or helium gas have almost identical values compared to that of the 

free space [47,48].

For atmospheric pressure microplasmas Xd / A,i»l (for example, mean free path 

of Ar+ in Ar gas for our microplasma is ~ 4x 10'8 m [23] which is less than Debye length

20 3by two order of magnitude even at very high electron density -10 cm' ) and T'e»  T', , 

therefore, equations 2.24 and 2.25 yield:

/  ,  s 1/2 \ 2/5
S  = 1.77 eo

enev T\ Ae J
t t -3 /2  j l / 2  
“s ^d 2.26

Thus, the sheath thickness can be calculated for known values of electron number 

density, electron temperature, sheath voltage drop and Debye length. Note that Debye 

length itself is a function of plasma density and electron temperature (equation 2.23).

Sheath voltages are calculated from time averaged electrical measurements (equa­

tion 2.15). Electron temperatures for high pressure plasmas are low and are assumed to be 

in the typical range of 1 to 2 eV. Sheath thickness are calculated from equation 2.26 for 

different electron densities. Resulting sheath thickness values (<400 pm, limited by the 

discharge gap length) are used to calculate the sheath area (equation 2.19) using calcu­

lated values of capacitances. Once the total area of the sheath is known the sheath lateral
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width (Figure 2.19) can be determined by the simple relation,

W (I)  = —j- t  (meter) ; 

where / is the plasma length in the slot microdischarge ( s  7.5 cm).

2.27

(074)sin (77.5°)

Figure 2.19: Effect of lateral expansion on the plasma length. Plasma length is by a factor (W74) sin 
(77.5°) which determines the lateral expansion of sheath w.r.t current.

Since sheath lateral width is restricted by the electrode width (~1.6 cm), electron 

densities are calculated using an iterative process until both the sheath thickness and 

sheath lateral width criteria are matched. Different sets of sheath thickness and area cal­

culated using the assumed values of electron densities are used in equation 2.20 until the 

electron density is self-consistently satisfied. During the self-consistent electron density 

calculation, the discharge gap length L '(I) is varied according to the relation,

L'(I)  = d  + ̂ ^ s in ( 7 7 .5 ° )  -  S '(I)  
4

(meter) 2.28

where the first term in the right hand side denotes the constant discharge gap length, the 

second term denotes the average increase in the plasma length due to sheath lateral ex­

pansion (Figure 2.19) and the third term is the sheath thickness.
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Figure 2.20-2.22 show the results for sheath thickness, sheath lateral width and 

electron density. It is observed that the electron density (Figure 2.22a,b) decreases ini­

tially with increasing current. This is due to the positive slope of the resistance values 

calculated from the measured values (Figure 2.17). Subsequently the electron density in­

creases with current, again owing to decrease in Rb values at higher current (because elec­

tron density should stay nearly constant). This observation indicates a more appropriate 

plasma length approach has to be considered instead of equation 2.28. Since the model 

works in the high sheath voltage regime, the electron density values at lower current are 

more appropriate as the sheath voltage is high in this region. No calculations are provided 

for 60 MHz operation since the sheath voltage is always low, and the discharge character­

istics do not obey the normal glow (for which equation 2.26) is valid. Table 2.4 shows the 

resulting electron densities for different plasma conditions. The calculated electron densi­

ties are approximately 5 x 1018 m'3. The calculated electron densities for collisional sheath 

and Child law sheath models are comparable (Figure 2.22 and 2.23). In the above men­

tioned models, the electron temperature deviations do not change electron densities ap­

preciably (Figure 2.22b).

Table 2.4: Self-consistent electron density calculation for Ar and He RF driven (13.56 and 27.12 
MHz) microplasmas.

Rare Gas Electron density, n̂  (m'3)
13.56 MHz microplasma 27.12 MHz microplasma

Helium 5xl018 2.5xl019
Argon 5xl018 3x10**

Note: Electron densities at 60 M Hz are not calculated because it does not have high sheath voltage there­
fore the approximation of high sheath voltage collisional model is no longer valid.

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



n = 1e18  m
e

n =5e18 me
n = 1e19  m

7 0

mm

0.6 0.8 1.0 1.2
Current (Amp.)

Figure 2.20a: Sheath thickness calculated from self-consistently determined electron density for ar­
gon microplasma driven by 13.56 MHz RF source (electrode separation 400 pm)
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Figure 2.20b: Sheath thickness calculated from self-consistently determined electron density for he­
lium microplasma driven by 27.12 MHz RF source (electrode separation 400 pm).
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Figure 2.21a: Sheath lateral width calculated from self-consistently determined electron density for 
argon microplasma driven by 13.56 MHz RF source (electrode separation 400 pm).
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Figure 2.21b: Sheath lateral width calculated from self-consistently determined electron density for 
helium microplasma driven by 27.12 MHz RF source (electrode separation 400 pm).

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

TD

HJ

1.20.8 1.0 
Current (Amp.)

0.6

Figure 2.22a: Self consistent electron density calculation using the calculated values of Rb and C and 
from the collisional model developed by Lieberman. The rare gas medium used is argon and the 
source is 13.56 MHz. Electrode separation was 400 pm.
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Figure 2.22b: Self consistent electron density calculation using the calculated values of Rb and C and 
from the calculated values of Vs using collisional model developed by Lieberman and Godyak. The 
rare gas medium used is argon and the source is 13.56 MHz. Electrode separation was 400 pm. The 
black and red curves represent the electron density calculations using two different electron tem­
peratures Te -  1 eV and 2 eV respectively. Values obtained for 2 eV is slightly higher.
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Figure 2.23: Self-consistently calculated values of electron densities at different electron tempera­
tures using Child-law sheath. The values are close at two different electron temperatures and also 
similar to the values obtained by the collisional model.

2.5 Conclusion

RF plasma characterization is very complex, asymmetry of the discharge devices 

adds more complexity to plasma discharge interpretation in terms of simple lumped pa­

rameters R and C. External circuitry can also change the plasma properties. Therefore ex­

treme care is taken to interpret the results. This chapter contains a generalized discussion 

of the plasma properties. Further research is required to identify the key features ( sheath 

oscillations, sheath thickness, electron density, ion energy distribution, electron tempera­

ture etc.) more accurately.

Here, we summarize the measurements, and results presented in this chapter. 

Sheath and bulk plasmas are characterized from measured and calculated values. We note 

that the external circuitry may have contributions to the bulk plasma and sheath charac­

teristics. Identical experiments with and without blocking capacitors are required to iden­

tify the effects of the external circuitry. Simultaneous measurements of the DC bias volt­
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age can be done in order to find out the capacitances at each electrode, which then can be 

used to determine the charge densities at each electrode. Harmonic content measurements 

of the voltage and current are presented. The harmonic content measurements are only 

done at a fixed power. Since the electrical measurements are carried out at varying 

power, a detail measurement of harmonic contents is required to identify sheath and bulk 

non-linear characteristics. The I-V  characteristics of the microplasmas has been pre­

sented. The I-V curves of microplasmas at 13.56 and 27.12 MHz operation resemble 

normal or flat I- V curve of low pressure DC plasmas, while at 60 MHz operation a posi­

tive I-V curve occurs. Phase measurements describes the capacitive nature of the RF dis­

charges. Measurements of resistance and capacitances are coupled to determine electron 

temperature self consistently using the RF collisional sheath model and high voltage 

Child sheath law. Electron density measurements assumes the sheath width changes the 

discharge gap length given by the equation 2.28.

We find that the 60 MHz operation offers more stable operation both spatially and 

temporally. The bulk characteristics of 60 MHz shows that the resistive component is 

very low at 60 MHz. Therefore the joule heating at 60 MHz is less compared to the lower 

frequency operations. It suggests that the observed glow to arc transition at relatively 

lower current (compared to 60 MHz operation) is due to gas heating. Moreover the dis­

charge could be stably operated at much lower voltage and current at 60 MHz.
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Chapter 3

UV/VUV Emission Spectroscopy
3.1 Introduction

High pressure high density plasmas are not compatible with internal Langmuir 

probe measurements of ne and Te [1, 2], Thus external measurements by electrical and op­

tical approaches provide important means to indirectly extract ne and Te for such plasmas. 

In the previous chapter electrical properties of diffuse RF (radio-frequency) driven hol­

low slot shaped microplasmas have been presented. This chapter and the following chap­

ter focus on microplasma characterization by means of optical spectrum studies, 1(A). 

This chapter focuses on the UV/VUV emission spectroscopy (100 nm to 400 nm) of mi­

croplasma, while the next chapter deals with its visible spectroscopy (300 nm to 900 nm). 

UV/VUV spectroscopy can provide information on the species density, reaction proc­

esses and mechanisms as well as understanding the plasma physics and modes of opera­

tion. UV/VUV spectroscopy also provides Information regarding gas temperature, vibra­

tional temperature and electron energy distribution function (EEDF). Additionally, 

absolute optical emission measurement also provide a gauge of the potential effectiveness 

of the plasmas as wide spectrum light source tailored for applications requiring photon 

fluxes in particular wavelength region.
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Herein we report time-averaged spectral emission 1(A) in the range 110-400 nm 

for gas flows of argon and helium with small but varying additive flows all of which exit 

the grounded open slot electrodes into open-air. Section 3.2 describes the experimental 

setup. Section 3.3 provides the spectra and a discussion of dominant emission species 

and their origin. Section 3.4 presents gas (rotational) temperature measurements in the 

micro-discharges based on the optical emission spectra (2nd positive system of N2), while 

Section 3.5 presents the vibrational temperature of molecular nitrogen and nitrogen ion. 

Section 3.6 presents the UV/VUV emission characteristics at different RF excitation fre­

quencies. The total spectral emission as well as the emission efficiency is compared with 

commercial mercury lamps in the UVC (100-290 nm) and UVB (290-320 nm) regions in 

Section 3.7. Finally, summary and conclusion are presented in Section 3.8.

3.2 Experimental

3.2.1 Hollow Slot Microplasma

A schematic of the hollow slot microplasma is shown in Figure 3.1 The difference 

between the devices used for electrical measurements and optical data acquisition are 

small. In the device used for optical measurements, both the grounded and powered elec­

trodes are made of copper. (The microplasma device used for electrical measurements 

has aluminum slotted electrodes). The distance, d, between the top of the powered elec­

trode to the slotted electrodes for the optical measurement is 100 pm (as opposed to vary­

ing distance d (400, 500 and 600 pm) used for electrical measurements). The rare gas 

used here are UHP (ultra high pure) grade, where as the electrical measurements are done 

with industrial grade rare gases. UHP grade gas minimizes the effect of impurity from the 

feed gas, i.e. provides cleaner spectra. These minor changes do not change the electrical
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characteristics dramatically but they do help sustain the plasma at a lower power and re­

duce arc induced instability due to thermionic emission (copper is a better heat conductor 

than aluminum).

Workpiece

Downstream 
Plasma Plume

Active
Discharge

' I d

f  t  t  t  t  Gas Flow

Figure 3.1: A schematic diagram of RF driven hollow slot micro-discharge configuration is shown 
with upstream gas flow introduced at the bottom flowing through the electrodes and exiting in open- 
air. It also shows electrode critical dimensions w=200 microns (slot width), tf=100 microns (wedge to 
grounded slot interelectrode spacing), and the extent ^=5mm of the open-slots in the vertical (flow) 
direction; as well as the active microdischarge and downstream plume regions (current work oper­
ates at conditions that do not generate external plume). The wedge and slot electrodes are variable 
from 1-30 cm in length (dimension into page) creating a “push-broom” source of photons, radicals, 
and ions, all of which can impinge on a work piece placed in proximity of the grounded slot elec­
trodes.

The width of the grounded open slot, w, is 200 microns. We drive the active dis­

charge with an RF supply at a frequency of 13.56 MHz (also 60 MHz) with current of

0.12 A per cm of slot length. Gas flows in this work are helium and argon, with small ad­

ditives of hydrogen, oxygen and nitrogen (exact gas flows are given with the spectra). In 

the inter-electrode region representative operating conditions are pd~ 10 Torr-cm, average 

rms EMOkV/cm, average rms E/N~35 Td, current density ~0.7 A/cm2, associated power 

density (E J  Cos 0) ~14 kW/cm3, and energy per volume delivered to the flowing gas 

-50-150 J/L. For these conditions, in the V-I curve, glow voltage Vg was approximately 

constant with current indicating a normal glow type discharge.

As will be discussed, the current absolute 1(A) optical detection configuration re­

quires an aperture mask and purge gases, which would interfere with an external plume.
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Nevertheless it is informative to briefly consider the nature and extent of the plasma 

plume as it may be important in certain technological applications. The luminous plume 

is judged to be due to Penning excitation by energetic metastable species produced in the 

discharge region and convected through the slot by the upstream gas flow that passes 

through the active discharge. Owing to open-air operation (without an enclosure), ambi­

ent air species mix with the discharge feed gas and clearly is present in the plume region. 

Depending on operating conditions, the afterglow plume region may be fully contained 

within the open-slot of Figure 3.1 or may protrude as a distinct plume from the open-slot 

by as much as ~ 3 mm. Experimentally it is found that the extent of the plume is influ­

enced by choice of RF excitation frequency, gas composition, electrode geometry and gas 

flow rate.

3.2.2 Absolute Optical Emission Measurement System

The 1(A) spectra presented in the current work originate from within the slot and 

may originate from both the active discharge region between the wedge and slot elec­

trodes as well as from the downstream afterglow region. Because of open air operation, 

the ambient air species (O2 , N2 , H2O etc.) mix with the plasma species in the microdis­

charge as is evidenced from impurity lines in the recorded spectra. The spatial location at 

which the ambient species mix with the discharge flow varies with flow rate and operat­

ing condition. The intent of the current work is to characterize the spatially and tempo­

rally averaged optical emissions in order to characterize the device for applications and to 

make determinations of active plasma mechanisms. Figure 3.2 shows the experimental 

setup for optical data acquisition from microplasma source. The optical spectra, 1(2), are 

obtained using a 0.2 m McPherson VM 502 seaming monochromator, with a grating
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of 1200 Grooves/mm blazed at 120 ran. Emission radiation is detected using an Acton 

781 photomultiplier tube (PMT). The PMT converts the emission signals into elec­

trical signals that are passed to a picoammeter. The picoammeter measures the current 

(nA) and sends it to a computer via Labview software.

The optical emission is measured by placing the linear slot plasma in close prox­

imity, and parallel to the entrance slit of the spectrometer. The spectral resolution of the 

detection system (FWHM of slit function) is experimentally found to be about 0.7 nm. A 

MgF2 window is introduced at the entrance slit of the monochromator to keep the mono­

chromator chamber under vacuum. Vacuum is required for data acquisition in the highly 

absorbing Schumann bands [3] due to molecular oxygen (wavelength region -130-180 

nm).

Absolute calibration of the detection system (intensity and wavelength) is ob­

tained using an argon mini-Arc source that is traceable to NIST secondary standards. 

The experimental setup for obtaining data from the min-arc lamp is shown in Figure 3.3.

The mini-Arc lamp is operated with a DC source and with argon as the feed gas. The ra-

2 1 1diance of the mini-Arc is provided in units of W cm' sr' nm' , with 20% uncertainty be­

low 140 nm, 9% uncertainty from 140-250 nm, and 4% uncertainty from 250-400 nm. 

The low-wavelength cut-off for the calibration is 120 nm due to the MgF2 window. Data 

is extrapolated from 120 nm to 110 nm, which may not be highly accurate, but the optical 

emission in this range is minimal. The MgF2 optical window used in the entrance slit of 

the monochromator for plasma measurement is also used for the calibration. A mask of 

width 0.75 mm and height 4 mm is employed to define the emitting area of the arc lamp. 

Optical emission measurements from the slot micro-plasma use the same mask and
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collection geometry as the secondary standard mini-Arc scans, so that no geometric cor­

rections are needed (to yield absolute 1(A) data). A weak helium purge is flowed between 

the plasma and monochromator (MgF2) window in order to eliminate absorption of VUV 

light by ambient air (oxygen) in this region. (Note that the He purge does not fully seal 

the inside of the hollow slot from the ambient air.) Collected emission radiation is again 

converted into electrical signals and collected via the picoammeter. The calibration pro­

cedure employs the following:

mini-arc optical emission signal, Io(A) (in nA), 

mini-arc radiance (provided with min-arc) (in W/cm /sr/nm), 

mini-arc output function, I '(A )  ( in W sr'1 nm'1), 

microplasma emission collected by the detection system, I" (A )  (in nA) 

from which we find:

spectral response of the detection system, R (A )=  Io(A  U '(A ) (in nA/W sr'1 nm'1) and 

absolute irradiance from the slot microplasma, 1(A) = I"(A ) !R (A ) (in W sr'1 nm'1). 

Note that the output spectra (i.e. absolute irradiance from the slot microplasma) corre­

spond to light emitted from a 4 mm length slot (defined by the mask).

3.3 Optical Emission Spectra,/^: 110-400 nm

For clarity of discussion, the microplasma optical emission spectra, 1(A), have 

been divided into three regions. Note that the emission spectra in this section are all for 

excitation frequency of 13.56 MHz RF source generated microplasmas. Figures 3.4 a-e 

show the emission from 110-200 nm, Figures 3.5 a-c show the emission from 200-300 

nm, Figure 3.6 shows a particular spectrum from 110-400 nm, and Figure 3.7a-c shows 

the 300-400 nm spectral region. In these plots, intensity selected to allow better
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examination of the weaker spectral features at the expense of some stronger features ex­

tending beyond the top of the graph. In such cases, the peak values of spectral lines that 

exceed the top of the scale are labeled at the top of the graph. Tables 3.1-3.3 summarize 

the atomic and molecular transitions causing the optical emission in the spectral regions 

110-200 nm, 200-300 nm, and 300-400 nm respectively. Table 3.4 presents the argon and 

helium metastables states involved in certain excitation processes. Figures 3.8a-c sum­

marizes the prominent features of the optical emission for the three gas mixtures studied. 

Figure 3.9 provides simplified Grotrian diagrams for N, N2 , and NO, showing key energy 

levels.

Table 3.1: Dominant atomic and molecular transitions observed in the 110-200 nm region from the 
slot microelectrodes of Figure 3.1.

Excited Species Wavelength (nm) Upper State (eV) Transition
H 121.56 10.20 Is 2S-2p 2P°
O 130.50 9.52 2p43P-3sJS°
N 119.95 10.34 2p3 4S°-3s 4P
N 124.30 12.36 2p3 2D ° -3 s  2D
N 149.50 10.68 2pi 2D u-3 s  l?

N 174.50 10.68 2p3 2P °-3 s  2P
h2 -130-170 - (B % - X % )
Ar2 -125 11.06 Ar2( 3E U or 'Zu)-Ar ( ’So)

Ar2++ -190 -12.0 Ar2 ' (3Ug) - Ar+(3n u)

3.3.1 Optical Emission Spectra in the 110-200 nm region

The spectra given in Figure 3.4a-c corresponding to the 110-200 nm region for the 

micro-plasma operating with three gas mixtures: helium/hydrogen, argon/hydrogen and 

argon/nitrogen flows respectively. In each case, the strongest emission lines observed are 

lines from atomic nitrogen (149 and 174 nm), indicating the active plasma is able to dis­

sociate molecular nitrogen easily. Relatively strong lines originating from atomic oxygen
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and hydrogen are also observed. Several of these 1(A) features are triplets, but they are 

unresolved by the detection system. The emitter efficiency of the 149 nm nitrogen is 

typically 0.0024 [4],

0.14

^ 0 .1 2
Ec
g  0.10
E,
j^O .08
COc
(D
1  0.06  
0)
2  0.04  o(O_q
< 0.02

0.00
110 120 130 140 150 160 170 180 190 200

Wavelength (nm)

Figure 3.4a: Absolute optical emission spectra in the 110-200 nm region for He-H2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream He flow rate is 2.0 slpm, while the H2 ad­
mixture flow rate is 9.0 seem (black), 18.0 seem (red) or 37.0 seem (blue). The dominant lines for each 
mixture are from atomic N at 149.5 and 174.5 nm. Other identified transitions are labeled (see Table 
3.1) and peak intensities (for the admixtures yielding the largest peaks) are shown in parentheses for 
cases where the peak exceeds the top of the graph.
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Figure 3.4b: Absolute optical emission spectra in the 110-200 nm region for Ar-H2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream Ar flow rate is 14.0 slpm, while the H2 
admixture flow rate is either 0 seem (black), 9.0 seem (red) or 18.0 seem (blue). Identified transitions 
are labeled (see Table 3.1) and peak intensities (for the admixtures yielding the largest peaks) are 
shown in parentheses for cases where the peak exceeds the top of the graph.
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Figure 3.4c: Absolute optical emission spectra in the 110-200 nm region for Ar-N2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream Ar flow rate is 9 slpm, while the N2 ad­
mixture flow rate is 0.0 seem (black), 5.0 seem (red) or 10.0 seem (blue). Identified transitions are la­
beled (see Table 3.1) and peak intensities (for the admixtures yielding the largest peaks) are shown in 
parentheses for cases where the peak exceeds the top of the graph.
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Figure 3.4d: Absolute optical emission spectra in the 110-145 nm region for Ar flow through slot mi­
croelectrodes of Figure 3.1 into open air. The upstream Ar flow rates are 4.5 slpm (black), 9 
slpm(red), 13.5 slpm (green), and 29 slpm (magenta) respectively. Emission intensity of the 2nd con­
tinuum of the argon dimer increases with increasing argon flow rate (pressure).
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Figure 3.4e: Absolute optical emission spectra in the 110-145 nm region for Ar-02 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream Ar flow rate is 29 slpm, while the 0 2 ad­
mixture flow rate is 5 seem (black), 10 seem (red) or 14 seem (green) and 18 seem (blue).
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The atomic nitrogen lines also appear in the spectra for upstream gas flow mix­

tures that do not contain nitrogen (i.e. helium/hydrogen and argon/hydrogen shown in 

Figures 3.4a and 3.4b. This indicates the effect of impurity lines due to open air opera­

tion. The atomic nitrogen formation is primarily in the plasma plume (where ambient ni­

trogen clearly mixes), but ambient nitrogen also penetrates into the active discharge re­

gion from random walk motion and vortices. Addition of nitrogen greatly enhances 

molecular nitrogen emissions (Figure 3.4c). The weak atomic nitrogen line at 124 nm 

emits from the N( D) upper state, while the strong lines at 149.5 and 174.5 nm are from 

the N(2P) upper state which radiatively decays to the lower metastable states N(2D°) and 

N(2P°) respectively, see Table 3.1 Higher energy electrons are required to populate N(2D) 

upper state, (than N(2P)) and also N(2D) state is very efficiently quenched by most gases 

[5]. Note that dissociation of N2 into atomic N requires 9.8 eV [6]. Atomic emission 

from nitrogen involves the following three major excitation processes: 

i. Metastable (molecular nitrogen)-atom interaction: Reaction R3.1a describes the nature 

of molecular nitrogen metastable and ground state atomic nitrogen interaction. It is likely 

that there is strong formation of N^(A 3SU+) levels via electron impact excitation [7], and 

that the N2(A 3ZU+) state is mainly responsible for populating the N(2P) level through the 

reaction R3.1b followed by electron impact excitation of N(2P°) [8, 9].

N2(A 3Zu+) + N(4s )—►N2(X % +  N(2P°) R3.la

N(2P°) + e = N(2P) + e R3.1b

In principle, one can directly detect the N2(A 3SU+) state by emission from the Ve- 

gard-Kaplan system (N2(A 3£u+ - X lEg+)). However, in atmospheric pressure plasmas it 

is more likely that the metastable state N2 (A 3SU+) state is collisionally quenched.
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ii Dissociative recombination: This process requires molecular ion of nitrogen (reaction 

R2) to dissociate upon capturing a slow electron.

N2+ + e = N* + N R3.2

A significant amount of nitrogen molecular ion emission is observed only in the 

helium plasma where N2 is mixed into the plasma in from the ambient. We conclude that 

dissociative recombination is not playing an important role in the atomic emission of ni­

trogen.

iii. Direct electron impact excitation: Electron impact excitation mechanism (reaction 

R3.3a,b) from the ground state as well as from the metastable states (R3.3c) of atomic 

nitrogen in the active discharge region play a major role in the argon-nitrogen plasma 

when nitrogen is added to argon flow. We note that increasing amounts of nitrogen in the 

active discharge region enhances atomic emission intensities.

N (4S) + e = N(2P) + e R3.3a

N (4S) + e = N (2P° or 2D°) + e  R3.3b

N (2P° or 2D°) + e  = N(2P) + e R3.3c

N(2P) = N (2P°) + hv R33.d

We note that the magnitude of the partial hydrogen flow has a significant effect 

on the strengths of the atomic nitrogen lines, which may be due to a combination of 

changes in the EEDF (electron energy distribution function) in the active plasma as well 

as quenching reactions involving hydrogen. (Hydrogen addition can affect the EEDF by 

decreasing the density of argon metastables and thus the degree of stepwise ionization, as 

well as introducing the competing direct ionization pathway of atomic hydrogen.) In the 

helium/hydrogen and argon/hydrogen open-air slot plasmas (Figures 3.4a&b), the
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reduction in the magnitudes of the atomic nitrogen lines for large hydrogen flow (>9 

seem in Ar-H2 plasmas and >18 seem for He-H2 plasmas) is most likely due to quenching 

reaction (R4) where atomic hydrogen depopulates N2(A 3SU+) levels [11-13].

N2(A 32u+) + H = products R3.4

When operating the discharge with helium and hydrogen admixtures (Fig. 3.4a), 

the atomic Hydrogen Lyman a  line at 121.6 nm is also present. From the point of view 

of VUV emission applications, the Lyman a  line is of particular interest since it is spec­

trally located at a sharp minimum in the absorption coefficient of molecular oxygen [14], 

and is only weakly absorbed in open-air operation. The dissociation of H2 requires 

4.48eV [15], while excitation of atomic H ground states to n=2 requires an additional 

10.2eV [16]. In rare gas-H2 plasmas, the role of metastable-molecule reactions is equally 

important to direct electron impact. It is likely that the excited n=2 atomic hydrogen 

states are formed by dissociative recombination from molecular hydrogen ion in the He- 

H2 plasma instead of direct Penning excitation as observed in the Ne-H2 plasma [15, 17]. 

Note that neon metastable has energy (-15 eV) which is close to the sum of energies of 

the dissociation of molecular H2 and excitation of an H atom to n=2 level where as he­

lium metastables (-19 eV) do not have a close match to form n=2 state of atomic hydro­

gen from molecular hydrogen. Therefore the emission spectra of the Lyman alpha line in 

the helium microdischarge may have contributions from the following three major excita­

tion pathways:

i. direct electron impact excitation,

e + H(1S0) = H*(«=2) + e R3.5
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ii. helium excimers (12.4-21.38 eV) [18] and

He2* + H2 = He + H2*

H2* - H ( 1S0) + H*(n=2) R3.6b

R3.6a

iii. dissociative recombination of molecular ions that are generated by Penning mecha­

nism.

Because of the close match of the energy of the neon metastable to the energy re­

quired to form n=2 state of atomic hydrogen, the emission intensity of the Lyman-alpha 

line is in the Ne-H2 plasma observed by Kurunczi and his group [15] is very clean.

For the helium-hydrogen plasmas operating at the highest hydrogen flow rate, a 

moderate emission feature from molecular hydrogen at -160 nm [14, 19] is also detected 

(Figure 3.4a) and is attributed to radiative recombination from the molecular hydrogen 

ion. This observation indicates that the dissociative recombination may have a major role 

in the Lyman-alpha line observed in the He-H2 microplasmas. In contrast to the helium 

plasmas, for the argon plasmas (Fig. 3.4b,c) there is no discernible emission from the 

Lyman a  line consistent with the lower energy of argon metastables (11.55 eV and 11.72 

eV) and dimers (9.54 eV), see Table 3.4.

For argon/hydrogen, argon/nitrogen, argon/oxygen mixtures (Fig.3.4b-e), the ar­

gon dimer 2nd continuum emission (130 nm region) [20, 21] and argon dimer 3rd contin­

uum emission (190 nm region) [22, 23] are present (see Table 3.1). The importance of the 

dimers relates to the discharge breakdown mechanism. At higher E/N values (-100 Td) 

resonance photons produce secondary electrons and at E/N values lower than 40 Td (in 

the spectroscopic measurements, the E/N values are -35 Td), the nonresonance VUV

H2+ + e (slow) = H(1S0) + H*(n=2) R3.7
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photons (such as the photons from the radiative decay of the dimers) produce secondary 

electrons [24]. Three body collisions involving Ar atomic metastables (ArM) favor the 

formation of excimers Ar2 * at relatively high gas pressure (reaction R3.8) [15]. Increased 

gas pressure increases the 2nd continuum emission intensity as observed in Figure 3.4d 

indicating that the three body collisions are indeed responsible for argon dimer formation. 

Ar2 * radiatively decays to ground state Ar atoms and causes the 2nd continuum emission 

[25], whereas the third continuum emission is the result of radiative decay of Ar2++ into 

two Ar+ ions [25-27].

Xm+X  + M = X2* + X  R3.8

where, superscript M represents metastable, X stands for Ar (or any other rare gas spe­

cies) and M denotes a third body (rare gas or any other species)

Owing to open air operation of the plasma, the atomic oxygen line at 130 nm is 

also visible in Figs. 3.4b,c (dissociation of O2  into atomic O requires 5.1 eV [6]). In­

creased flow rates of argon increase the intensity of the argon dimer (Figure 3.4d) and 

addition of either H2 or N2 to a constant argon gas flow passing through the electrodes de­

creases the observed emission intensity of the argon dimers and atomic oxygen line (Fig­

ure 3.4b-c). This behavior is due to efficient quenching of metastable states of argon by 

impurity species, (order of ArM quenching efficiency by impurity is 02>Fl2>N2 [28]). A 

similar trend is observed in argon/oxygen mixtures (Figure3.4e), where we also observed 

an atomic oxygen line at 130 nm superimposed on the argon dimer 2nd continuum emis­

sion, and a resonant transfer behavior between this peak and the continuum (similar to 

that observed in micro-hollow cathode discharges [29]).
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Figure 3.5a: Absolute optical emission spectra in the 200-300 nm region for He-H2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream He flow rate is 2.0 slpm, while the H2 ad­
mixture flow rate is 9.0 seem (black), 18.0 seem (red) or 37.0 seem (blue). Identified molecular transi­
tions are labeled (see Table 3.2). The emission is dominated by NO(y) bands, while no strong atomic 
lines are detected in this spectral region.
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Figure 3.5b: Absolute optical emission spectra in tbe 200-300 nm region for Ar-H2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream Ar flow rate is 14.0 slpm, while the H2 
admixture flow rate is either 0 seem (black), 9.0 seem (red) or 18.0 seem (blue). Identified molecular 
transitions are labeled (see Table 3.2). The emission is dominated by NO(y) bands, while no strong 
atomic lines are detected in this spectral region.
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Figure 3.5c: Absolute optical emission spectra in the 200-300 nm region for Ar-H2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream Ar flow rate is 9 slpm, while the N2 ad­
mixture flow rate is 0.0 seem (black), 5.0 seem (red) or 10.0 seem (blue). Identified molecular transi­
tions are labeled (see Table 3.2). The emission is dominated by NO(y) bands, while no strong atomic 
lines are detected in this spectral region.

3.3.2 Optical Emission Spectra. I f  A), in the 200-300 nm region

For each of the three gas mixtures, the optical emission intensity in the 200-300 

nm region is relatively weak as compared to the 110-200 nm and 300-400 nm regions. 

Figure 3,5a shows emission spectra in the 200-300 nm region for helium gas flow with 

varying hydrogen addition. The strongest emission line intensities are significantly less 

than those observed in the 110-200 nm (by ~30 times) and 300-400 nm (by ~15 times) 

regions. In the 200-300 nm region the strongest 1(A) detected features are the different
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vibrational bands of the NO-y system (A-X), see Table 3.2 and Figures 3.5a-c & 3.8a-c. 

Strong atomic lines are entirely absent. Metastable N2  (A Zu ) serves as a precursor to 

NO formation (R9) (both ground and excited states) as has been concluded in several

other investigations [10, 30-35].

N2 (A 3ZU+) +02 = 2 NO(X 2n) R3.9a

N2 (A 3Eu+) + 0(3P) = NO(X 2n) + N(4S) + 2.9eV R3.9b

N2 (A 3Eu+) + 0 (3P) = NO(X 2n) + N(2D) + 0.5eY R3.9c

N2 (A 3ZU+) + NO(X 2n) =NO(A V) + N2(X ’Z) R3.9d

NO(A 2Z) = NO(X 2n) + hv R3.9e

The decrease in intensity of the NO-y bands for higher H2 flows (18 and 37 seem) in Fig. 

3.5a reaffirms the proposed quenching of N2(A 3ZU+) level by H atoms postulated above.

Table 3.2: Observed molecular transitions in the 200-300 nm region from the slot microelectrodes of 
Figure 3.1 into open air. The energy of the upper state NO (A, v=0) is ~5.46eV, while the upper state 
of the hydrogen continuum is in the range ~2.5-10.3 eV.

Excited Species Wavelength(nm) Transition vibrational levels(v’-v”)
NO 204.70 NO(A 2Z+,v’- X,v”) 2-0

NO 214.86 NO(A2ZV -X ,v”) 1-0

NO 226.24 N O (A 2E+,v’-X ,v”) 0-0

NO 236.27 NO(A 2r ,v ’- X,v”) 0-1

NO 247.07 NO(A 2l V -  X,v”) 0-2

NO 258.69 N O (A 2Z+,v’-X ,v”) 0-3

NO 271.26 NO(A 2E+,v’- X,v”) 0-4

h2 -120-400 H2(a 3Zg'-b 3ZU') -

Fig.3.6 shows a weak continuum in the Ar-FE discharge that is observed in the

range 200-350 nm for Ar-H2 flows, with three hydrogen admixture concentrations (0, 18 

and 37 seem) of H2. The continuum is not detected with other flow gases. Many
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researchers attribute its formation to Penning excitation of molecular hydrogen by argon
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Figure 3.6: Absolute optical emission spectra in the 100-400 nm regions for Ar-H2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream Ar flow rate is 14.0 slpm, while the H2 
admixture flow rate is either 0 seem (black), 18.0 seem (red) or 37.0 seem (blue). A weak continuum 
originating from H2 dissociation is present. Identified transitions are labeled (see Tables 3.11-3.3) 
and peak intensities (for the admixtures yielding the largest peaks) are shown in parentheses for 
cases where the peak exceeds the top of the graph.

metastables (R3.10a), followed by de-excitation through a repulsive state (R3,10b) [36, 

37], see Table 3.2. As the hydrogen concentration increases, the first reaction increases
•y _|_

causing the continuum to increase. Note that the energy required to excite to H2(a Sg )
-y

is 0.07 eV more than the energy of Ar( Po), the excess energy is supplied by kinetic mo­

tion (thermal energy) [36]. Since this process is endothermic, in the collisional mi­

croplasma, it is possible that the other high lying states of argon (between 11.79 eV and 

14.7 eV) have considerable contribution in the H2 dissociation continuum [38, 39].

105

H  dissociatio i
2

continuum

Ar dimer 3rd 
continuum—■------ 1------ ■—

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ar(3P0) or Ar* + H2(X %+) —► Ar + H2( a 3Zg+) 

H2( a 3Sg+) ► H2(b 3SU+ ) — ►H(2S)+ H(2S)

R3.10a

R3.10b

(Ar* represents excited states of argon that lies above the minimum energy required to

"4“ * |form H2(a Sg ) and below the minimum energy required to form Ar2 i.e. between 11.79 

and 14.7 eV ) [39].)

Table 3.3: Observed atomic and molecular transitions in the 300-400 nm region from the slot micro­
electrodes of Figure 3.1 into open air. The upper state energy for the He transition is 23.01eV. For 
the (0,0) vibrational bands, the energy levels for OH(A 2Z+), NH(A 3I1), N2(C 3n u) and N2+ (B 2Z„+) are 
approximately 3.7,4,11 and 18.85 eV respectively (relative to their neutral ground states).

Excited Species W avelength(nm ) Transition Vibrational L evels

H e 388.86 2p 3Pu-2s 3S -

OH 308.00 OH(A 2Z+- x  2n) 0-0

NH 336.00 N H  (A  3n - X  3S  ) 0-0

N 2 (2nd Positive) 315 .80 N2(c3nu-B3ng) 1-0

N 2 (2nd Positive) 337.00 N2(c3nu-B3ng) 0-0

N 2 (2nd Positive) 353 .56 N2(c3nu-B3ng) 1-2

N 2 (2nd Positive) 357.58 n2(c 3nu-B3ng) 0-1

N 2 (2nd Positive) 375.42 N2(c3nu-B3ng) 1-3

N 2 (2nd Positive) 380.38 N2(c3nu-B3ng) 0-2

N 2+ (1 st N egative) 391 .40 N 2+(B  2I u+ -X  % ' ) 0-0

N 2+ (1 st N egative) 356 .10 N2+(B 2£u+ -X 2Xg+) 2-1

Table 3.4: Key energy levels and associated state notations of atomic helium and argon metastables 
and the molecular N2(A) metastable.

Metastable State Energy (eV)
He (2s ‘So) 20.61
He (2s 3Si) 19.82

A r(3P0) 11.55
Ar (3P2) 11.72
N2(A) ~6.2eV
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Figure 3.7a: Absolute optical emission spectra in the 300-400 nm regions for He-H2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream He flow rate is 2.0 slpm, while the H2 ad­
mixture flow rate is 9.0 seem (black), 18.0 seem (red) or 37.0 seem (blue). Identified OH, N2, NH and 
N2+ transitions are labeled (see Table 3.4).

3.3.3 Optical Emission Spectra in the 300-400 nm region

Absolute optical emission spectra in the 300-400 nm region for helium with addi­

tion of varying hydrogen flows are shown in Figure 3.7a, with transitions listed in Table 

3.3. Spectra in this region for argon with addition of hydrogen and nitrogen are similar 

(Figure 3.7b,c) with salient differences given below. The strongest lines originate from 

N2 , NH molecules, and the OH radical. The feature at 308 nm is from the OH(A 2Z+-X 

2II) transition [40, 41], whose formation is attributed to the presence of water vapor (ei­

ther from ambient air or as a feed gas impurity). In the vicinity of 336 nm, emission from 

the NH(A 3n(v ’=0) -X 3S'(v”=0)) band [42] is observed for hydrogen admixtures of >18 

seem in He-H2 and Ar-H2 gas flow micro-plasmas respectively.
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Figure 3.7b: Absolute optical emission spectra in the 300-400 nm region for Ar-H2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream Ar flow rate is 14.0 slpm, while the H2 
admixture flow rate is either 0 seem (black), 9.0 seem (red) or 18.0 seem (blue). Identified OH, NH 
and N2 transitions are labeled (see Table 3.4).

Prominent molecular nitrogen lines in the 300-400 nm spectral region include

bands from the second positive I()I) systems (N2(C 3ng - B3IIg)) at 315.8, 337.0, 353.6,

375.4 and 380.4 nm and from the first negative system of N2+(B 2SU+ - X 2Zg+) near 391.4

nm. Formation of excited molecular nitrogen states (and 2nd positive emission) arises

from electron impact excitation and via energy pooling mechanisms involving the

N2(A3Zu+) [10, 43] metastable state of molecular nitrogen (R 3.1 lc).

N2(X % + ) + e (fast) = N2(C 3ng ) + e R3.11 a

N2 (A V )  + e (slow) = N2(C 3ng) + e R3.11 b

N2(A 3Eu+) + N2(A % +) = N2(C 3ng) + N2(X % +) R3.1 lc

n2(c 3ng)=n2(b 3ng) + h v 2ndPos. R3.12
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Figure 3.7c: Absolute optical emission spectra in the 300-400 nm region for Ar-N2 flow through slot 
microelectrodes of Figure 3.1 into open air. The upstream Ar flow rate is 9 slpm, while the N2 ad­
mixture flow rate is 0.0 seem (black), 5.0 seem (red) or 10.0 seem (blue). Identified OH, N2 and NH 
transitions are labeled (see Table 3.4).

Also, note that in argon plasmas (on an energetic basis alone) argon metastables 

can selectively form higher excited states of nitrogen (N2(C) and N2(B)) via two body 

collisions that cascade radiatively down to N2 (A) level [44, 45]; however, this is not 

thought to be the major contributor in pure Ar or in Ar-H2 microplasmas since the 2nd 

positive band of N2 is relatively weak (Figure 3.7b). We also note that no discernible 

emission of the 1st positive bands are observed in the UV/VUV emission or in the visible 

region (Chapter 4). This is probably because in the atmospheric pressure plasma the 

N2(B) state (origin of 1st positive emission band) decays non radiatively (i.e. by quench­

ing because, the life time of N2 (B) state is of the order of few microseconds [46] as com­

pared to 36 nanoseconds of the N2 (C) state [47]).
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This pooling mechanism conjecture is consistent with the observation of de­

creased 1(A) emissions with increased hydrogen addition (see Fig. 3.7a) since atomic hy­

drogen quenches the N2 (A3EU+).

Strong bands of the first negative system of N2+(B 2SU+-X 2Sg+) are only observed 

in helium-hydrogen plasmas and not in the argon-hydrogen or argon-nitrogen plasmas. 

In the helium plasmas the molecular nitrogen ions are energetically accessible through
q 1

collisions with helium metastables (He [2s Si, 2s So]), while argon metastables (in the 

argon plasmas) have insufficient energy to create N2+ levels, see Table 3.4. Electron im­

pact of slow electrons with N2+(X) may also contribute to formation of excited nitrogen 

ions N2+(B) [47, 48], though we do not believe this to be the case since we do not see 

strong emission lines from excited He (n > 4) in measured visible spectra. (If slow elec­

trons are responsible for forming N2+ (B), then one would expect to also populate the up­

per states of He, owing to the similarity in energy spacing and electron impact cross- 

sections [49, 50] for formation of these states.) For the analogous reasons, we do not be­

lieve that slow electrons are responsible for the formation of N2 (C). A full treatment of 

excitation and de-population of these states using collisional-radiative modeling is re­

quired to folly address these questions, but is beyond the scope of the current work.

The observed spectral emission of the He I line (2p 3P°-2s 3S) at 388.8 nm in Fig­

ure 3.7a is a clear indication of He metastable (2s 3Si) formation. This mechanism would 

be consistent with the decrease in N2+ first negative emission as hydrogen is added, since 

hydrogen can effectively quench the helium metastables [51, 52].
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Figure 3.8a: Summary of key atomic and molecular species generating 150-400 nm optical emission 
from slot microelectrodes of Figure 3.1 into open air. The plot shows the (spectrally integrated) opti­
cal output power per unit slot length for an upstream He flow rate of 2.0 slpm and H2 admixture flow 
rate of 9.0 seem.

3.3.4 Summary of Optical Emission Spectra. 7(/U, from 110-400 nm 

The measured emission spectra are summarized in Figure 3.8a-c for the mi­

croplasma operating with He-H2, Ar-H2, and Ar-N2 respectively (flow rates in Figure 

captions). For Figures 3.8a-c, we have integrated the spectral contributions of the emis­

sion features, and we present these plots with units of mW/sr per cm of slot length. We 

find that in the wavelength region 110-200 nm, atomic lines, particularly nitrogen, domi­

nate the emission. In the 200-300 nm region, the optical power is approximately half that 

of the 100-200 nm region, and is primarily from NO (y) bands. The total emitted optical 

power is highest in the 300-400 nm region and is primarily from molecular nitrogen (N2 

(C-B), molecular nitrogen ions (N2+ (B-X)), and molecular NH (NH (A-X)). The varia­

tion in output power over the three wavelength regions are shown in Figure 3.8a-c.
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Figure 3.8b: Summary of key species generating optical emission in the 150-400 nm regions for
specified upstream gas flow through slot microelectrodes of Figure 3.1 into open air. The plot shows 
the (spectrally integrated) optical output power per unit slot length for Ar flow rate of 14.0 slpm and 
H2 admixture flow rate of 9.0 seem.
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Figure 3.8c: Summary of key species generating optical emission in the 150-400 nm regions for speci­
fied gas flow through slot microelectrodes of Figure 3.1 into open air. The plot shows the (spectrally 
integrated) optical output power per unit slot length for an upstream Ar flow rate of 9.0 slpm and N2 
admixture flow rate of 5.0 seem.

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

18

18

14

5 "  12<D

&«>w
IDc 8 
LU

6

4

2

0

N(2P)

N(2P °^

N

Ecin
h-

N(2Do.

—  Nj(B)
N* 1 st negative system
—  N!(X)

N,(C)

N2(B)
N2(A)

N2(X)

N„

N0 2nd positjve system

—NO(A)

NO(y) band

jNO(X)
NO

Figure 3.9. Partial Grotrian diagrams showing key energy levels of N2 and NO molecules and of N 
atom for micro-discharge in open air. The vertical axis gives energies in eV while the horizontal axis 
is separated into N, N2 and NO regions. Downward pointing arrows are radiative decays observed 
from our micro-discharge device.

3.4 Gas Temperature (Tg) Measurement

Owing to fast collisional relaxation at atmospheric pressure, the rotational tem­

perature, Trot, may be used as an accurate measure of the translational gas temperature, Tg

T 3

3 3 0 3 3 6 3 4 23 3 3 3 3 9
Wavelength(nm)

Figure 3.10: Optical emission spectra from the (0,0) band of the nitrogen 2nd positive system N2 (C 
3n g - B3IIg). Conditions are 14 slpm flow of Ar and 9 seem flow of H2. Black curve is experimental 
data, while blue curve is SpecAir simulation for 750 K (the best-fit rotational temperature).
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[53]. Depending on specific plasma conditions a number of molecular bands may be 

used to measure rotational temperature (e.g. [54]). Here, we have used the (0,0) vibra-
-2 -2

tional band of the second positive system of N 2 (C n g - B n g) in the vicinity of 337 nm 

for determination of gas temperature (Tg). In principle, a Boltzmann fitting approach 

may be used to determine Trot (rotational temperature), but we have opted to use the Spe- 

cAir spectral code, which models emission intensities for a host of atomic and molecular 

transitions and has been extensively verified [55], By finding the best match between our 

measured spectrum and that predicted by Specair for different rotational temperatures 

(using our experimentally measured slit function) we infer a best-fit temperature. For ar­

gon plasmas, depending on the magnitude of the hydrogen and nitrogen additive flows, 

the 337 nm second positive feature suffers from interference with N 2+ emission (1st nega­

tive). In cases that are relatively free11 of interference, we find a rotational temperature 

of 650 +/- 100 K. Figure 3.10 shows the measured second positive system of N2 (C 3n g - 

B3Ilg) in the vicinity of 337 nm, as well as that predicted by Spec Air for a rotational tem­

perature of 650 K. Spectral overlap with strong NH emission at 336 nm has prevented us 

from using this same method with the He plasmas. The current temperature measurement 

is based on all the light collected from the plasma and its accuracy may suffer from line- 

of-sight effects which favor the active plasma region. In the future we will perform spa­

tially resolved measurements of the gas temperature using more complex imaging 

techniques. Clearly, from the point of view of most processing applications, a relatively 

low gas temperature is desirable.

" There is small interference from NH (0-0) emission band at 336 nm, therefore, the estimated temperature, 
Tg, is an upper limit.
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3.5 Vibrational temperature measurement, Tv

Open air operation of the microdischarge allows ambient species to mix into the 

plasma region. Figures 3.3-3.7 show the presence of numerous atomic emission and mo­

lecular bands from nitrogen. The vibrational temperature of molecular nitrogen, Tv, may 

be determined from the relative contributions of vibrational bands of molecular nitrogen 

and molecular nitrogen ion bands.

N2 (C-B) Vibrational Bands (Av=-2)j1
-I—*
'<oc
<D <NiOc

(0
E■_o
Z

-sr■<N

0
378 381369 372 375

Wavelength (nm)

Figure 3.11a: Optical emission spectra from the Av=-2 bands of the nitrogen 2nd positive system 
N2(C 3T \ - B3ng). Conditions are 2 slpm flow of He and 10 seem flow of N2. Black curve is experi­
mental data, while blue curve is SpecAir simulation for 4800 K (the best-fit vibrational temperature).

We use the Av = -2 bands of the second positive N2(C n g - B Ilg) m the region 

370 nm to 380 nm to determine the vibrational temperature. Similar to the gas tempera­

ture measurement (discussed above), the best match between the SpecAir spectral code 

and the optical measurement is used to determine vibrational temperature of molecular 

nitrogen. The best match for the vibrational temperature is found to be 4800 K ± 200 K 

(Figure 3.11), consistent with Tt<Tv<Te as is typical in nonequilibrium plasma. It can be 

seen that the vibrational distribution does not follow a pure Maxwellian distribution. The
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discrepancy is due to different mechanisms (R3.1 la-c) involved in populating the N2 (C 

3ng) state. It is known that the pooling mechanism is state specific and a population in­

version is expected between the v -0  and v-1  state when these levels are populated 

solely by energy pooling mechanism [47, 56, 57].

It is expected that the vibrational temperature of molecular nitrogen ion be similar 

to that of the molecular nitrogen. Two methods have been employed to determine the N2+ 

vibrational temperature, they are,

i. fitting of SpecAir code with the Av = -2 series of the first negative bands, and

ii. peak intensity ratio method using the 0-0 and 2-1 vibrational bands of N2+(B-X).

1 N  + (B-X) Vibrational Bands (Av = -2)

(Oc0
~o
0
N
16
E

0 
440

Tt-I

- A

<N
1O

La
470450 460

W a velengh t  (nm)
Figure 3.11b: Optical emission spectra from the N2+(B-X) Av = -2 bands of the 1st negative system . 
Conditions are 2 slpm flow of He and 10 seem flow of N2. Black curve is experimental data, while 
blue curve is SpecAir simulation for 4400 K (the best-fit vibrational temperature).

The vibrational temperature estimation employing SpecAir fitting to the N2+(B-X) 

(Av = -2 series) optical emissions is 4800 K which is very close to the vibrational tem­

perature estimated using the vibrational bands of N2(C-B) transition, Note that in deter­

mining the vibrational temperature using N2+(B-X) Av = -2 series, we fit only two
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vibrational bands, namely the 0-2 and 2-4 bands, because the observed intensities of 

N2+(B-X) vibrational transitions in the Av = -2 series show highly non-Boltzmann charac­

teristics (Fig. 12). This behavior opposes the earlier observation of Boltzmann like distri­

bution while determining the vibrational temperature from the Av = -2 series of N2(C-B) 

2nd positive bands. The work of Benedictis et al [48] showed Boltzmann like distribution 

for the Av = -2 series of N2+(B-X) transitions. Note that in the work of Benedictis et. al. 

[48], He-N2 plasma was generated at low pressure. Therefore population of the N2+(B) 

state is primarily due to electron impact excitation mechanisms and the metastables of N2 

or He do not have any major impact on the N2+(B) state. The Boltzmann like characteris­

tics of the electron energy distribution thus ensures the Boltzmann distribution of the 

N2+(B) vibrational levels in their plasmas. Since lifetime of the excited N2+(B) is very 

small (59 ns) [48, 50], collisional effect is discarded. We believe this highly non- 

Boltzmann characteristic is due to rotational perturbation of the N2+(B) vibrational levels 

(v' = 0, 1, 3, 5, 9, and 13) by the N2+(A 2n u) state and these perturbed states can suffer a 

decrease (or increase) in population densities [58]. Here it is assumed that the effect of 

perturbation by the N2+(A 2n u) state causes the decrease in the intensities of the 1-3 and 

3-5 vibrational bands. It is likely that the 0-2 band is not affected because the crossing 

occur at high rotational levels.

The vibrational temperature of the N2+(B-X) has also been calculated from the ra­

tio of the peak intensities of the N2+(B-X) 2-1 band to the 0-0 band [55] in the He-N2 

discharge. The vibrational bands at 391 nm (0-0) and at 356 nm (2-1) are chosen because 

they are free of interferences (from other bands). Note that this calculation is based on the 

experimental data obtained from visible emission spectra measurements (Chapter 4). The
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spectrometer used for visible emission data acquisition has better resolution and helps to 

detect the first negative 2-1 vibrational band without interference from the neighboring 

2nd Positive vibrational bands of N2 .

Equation 3.1 shows the dependence of the vibrational temperature on the ratio of 

the peak intensities (see Appendix A for details).

The summation is over the slit function for which the total number of rotational contribu­

tions are considered for each of the vibrational transitions. The slit function during our 

experiments had a maximum width at the top and bottom bases (Appendix B) are 0.48 

nm and 0.9 nm respectively. The number of the rotational levels considered here are 28 

and 32 for the 0-0 band and 2-1 bands respectively. The difference in the number levels 

for the two bands is due to different spacing of the rotational levels. Note that the ratio of 

the peak intensities of these vibrational bands depend both on the rotational temperature 

(Tr) and vibrational temperature (Tv). The ratio of these bands for different N2 concentra­

tions with 2 slpm He flow rate are given in Table 5. Figure 3.12 shows the simulated 

value of the ratio of the peak intensities of the two bands at different rotational tempera­

ture ( Tr = 400, 500 and 600 K). Figure 3.12 shows that the peak intensity ratio is only a 

weak function of the rotational temperature. Comparing the optical measurements (black 

squares) with the simulated values (circles), the obtained vibrational temperature yields a 

value of ~ 4600+/-200 K and indicates that the rotational temperature, Trot, is closed to 

400 K, which is consistent with our earlier statement that the estimated rotational

(J) exp

(J) exp
3.1
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temperature (650 +/- 100 K) is an upper limit. This vibrational temperature is very con­

sistent with the value (4800 K) obtained by fitting the optical data with SpecAir code.
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Figure 3.12: Peak intensity ratio of 2-1 to 0-0 vibrational bands (N2+(B-X) ) vs. the vibrational tem­
perature. Circles represents the simulated vibrational temperatures for different rotational tempera­
tures (400 K(red), 500 K (green) and 600 K (blue)). The black squares represent experimental value.

Table 3.5: Intensity ratio of 2-1 and 0-0 1st positive vibrational bands of N2+(B-X) transition of He-N2 
microplasma. He flow rate is 2 slpm, N2 flow rate varies (5 seem, 10 seem and 20 seem).

N2 flow rate (seem) I21/I00 TV(K)

5 0.23 4400

10 0.25 4600

20 0.26 4700

3.6 Comparison of Discharge Characteristics at 13.56 and 60 MHz RF Excitation

In this section we focus on studying spectral changes as a function of applied RF 

frequency. Representative absolute UV/VUV optical emission spectra from the hollow 

slot microplasma driven by RF frequencies of 13.56 and 60 MHz are shown in Figures
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Figure 3.13a: Absolute optical emission spectra of 13.56 MHz (red) and 60 MHz (blue) driven mi­
croplasmas in the 110-200 nm region for He-N2 flow. The upstream He flow rate is 2.0 slpm, while 
the N2 admixture flow rate is 20 seem.
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Figure 3.13a: Absolute optical emission spectra of 13.56 MHz (red) and 60 MHz (blue) driven mi­
croplasmas in the 300-400 nm region for He-N2 flow. The upstream He flow rate is 2.0 slpm, while 
the N2 admixture flow rate is 20 seem.

3.13a,b. For both frequencies, the flow rates are 2 slpm He plus 20 seem of H2 , and the 

delivered powered to the discharge is kept constant at 100 watts. Figure 3.13a shows that
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the intensities of the atomic nitrogen transitions in the 110-200 nm region exhibit a dis­

tinct increase for RF frequency of 60 MHz as compared to 13.56 MHz. Spectra in the 

300-400 nm region (Figure 3.13b) show that the intensity of the 2nd positive band of N2  

increases as the RF frequency is increased from 13.56 to 60 MHz, whereas the intensity 

of the 1 st negative band of N2+ decreases. The increase of the atomic nitrogen emissions 

with RF frequency suggests an increase in mean electron energy as the upper states of 

these transitions are excited via electron impact processes [59].

Figure 3.13b shows an increase of nitrogen second positive emission with in­

creased RF frequency. The upper state N2(C) of the nitrogen second positive emission is 

judged to be populated through pooling mechanisms involving the metastable N2(A) (re­

action Rla) as well as electron impact excitation of N2(A) or of the ground state ISfcCX) 

(reactions R11). We also observe that at 60 MHz the ratio of emission from the band 

from v’=l to the band from v’=0 increases substantially (see inset of Figure 3.13b). Past 

research has shown an inversion of these vibrational states associated with energy pool­

ing of long lived metastable N2(A) states resulting in population of N2(C) states (reaction 

R3.11c) [47, 56, 57]. Therefore, the observed increase in second positive intensity and the 

observed population inversion are likely due to increases in both electron impact excita­

tion reactions (R3.11a,b) and energy pooling reactions (R3.11c), both of which suggest 

an increase in electron energy (since N2(A) itself is formed from electron impact reac­

tions).

In contrast to the N2(C) emission, the N2+(B-X) emission intensities decrease as 

the RF frequency is increased. For helium gas glows, excitation to the first negative sys­

tems of N2+ is predominantly due to charge transfer mechanisms by helium ions and he-
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lium dimer ions [60] and by Penning ionization by helium metastables [47, 60, 61]. (Di­

rect electron impact of N2(X) is thought to be negligible since the N2 partial pressure is 

small and the required electron energy is very high.) Increased electron energy quenches 

the metastables by secondary excitation/ionization processes thus reduces the Penning 

ionization of N2(X).

In section 3.4, gas temperature measurements at 13.56 MHz based on the (0,0) vi- 

brational band of the second positive system of N2(C n g - B rig) in the vicinity of 337 

nm were reported [59]. For the 60 MHz operation, we have performed similar tempera­

ture measurement by finding the best agreement between measured spectra and simulated 

spectra (using the spectral simulation tool SPECAIR [62]). At both 13.56 and 60 MHz we 

find a rotational (gas) temperature of 650+/-100 K. The temperature measurement is 

path-integrated (so that it can not separate temperature in the plume and interelectrode 

region) and suffers from some interference from the NH (0-0) band at 336 nm.

3.7 Comparison with Commercial Mercury Lamps

We are interested in both the efficiency of generation and the relative magnitude 

of UV and VUV light production from the hollow slot microdischarges. We compare the 

microdischarge emission characteristics with well-understood commercial UV/VUV 

mercury lamps, as the latter provide an industrial/commercial benchmark. We calculate 

the efficiency and emitted optical power per unit area for the RF driven microdischarges 

and compare these values to those reported for commercial UV/VUV mercury lamps 

[63]. Results are presented in Table 3.6a and Table 3.6b, and are for case of the slot mi­

crodischarge operating with 2 slpm of helium flow with a hydrogen admixture of 9 seem. 

Comparisons are made in both the UVB and UVC regions with the following mercury
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lamps: Low Pressure Lamp (LPL), Amalgam Lamp (AL), and Medium Pressure Mercury 

Arc Lamp (MPMAL) [63]. In Table 3.6a we compare the emitter efficiencies of the slot 

microdischarge with those of the mercury lamps in the UVB and UVC regions.

Table 3.6a: Efficiency comparison between U V emission from the open-air microelectrode device and 
emission levels from various commercial Hg lamps (see text) in the UVB and UVC region.

Range(nm) Emitter E fficiency (p )%

RF m icro-slot LPL AL M PM AL

100-290(C) 0.16 3 5 -4 0 * 3 0 -3 5 * 8.7**

290-320(B ) 0.03 - - 7.6

Table 3.6b: Comparison of total UV optical power/area emitted between microelectrode device and 
sealed commercial Hg lamps (see text) in the UVB and UVC region.

Range(nm ) Output optical pow er per unit area (W /cm  )
RF m icro-slot LPL AL M PM AL

100-290(C) 1.07 (22.3) 0 .1 0 5 -0 .1 6 7 * 0 .2 6 3 -0 .4 1 * 4.26**
290-320(B ) 0.19  (4 .0) - - 3.72

* These values correspond to the narrow band of Hg at 254 nm.
** These values are for the wavelength region 200-290 nm.

Emitter efficiency is defined as the ratio of output optical power divided by supplied elec­

trical power. For the microdischarge slot, the optical power is found by integrating our 

measured spectra (which assume 47t emission). The electrical power has been measured 

using RF probes from Advanced Energy. At the given conditions, the current for the mi­

croelectrode device is 0.12 A/cm of slot length, while the delivered electrical power to 

the microelectrode device is approximately 13.4 W per cm of slot length. We find that 

the emitter efficiencies (Table 3.6a) for the slot microdischarge are significantly (-200 

times) lower than those for the benchmark mercury lamps. We anticipate that the emitted 

intensities (and thus efficiencies) may increase with our future electrode designs, which 

will focus the active discharge within the open-slot and allow more light from the active 

discharge region to be emitted through the slot.
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Table 3.6b provides a comparison of the output optical power (per unit planform 

area) emitted from the slot micro-discharge together with benchmark mercury lamp out­

put in UVB and UVC region. To obtain the total optical power per unit area from the slot 

micro-discharge, we divide the emitted optical power per unit length by the width of the 

slot (200 microns) and again assume isotropic {An) emission. The isotropic assumption 

corresponds to an ideal (maximum emission) case, though we have yet to characterize the 

actual solid angle over which our slot microplasmas emit. Again, the values shown in the 

table correspond to discharge operation for a current of 0.12 A/cm. The values shown in 

parentheses correspond to a linear scaling of optical output for a current of 2.5 A/cm, 

which we have shown to be a stable operating condition [4], For the industrially avail­

able Hg lamps, we take the total optical power per unit length and divide it by the lamp 

diameter. We find that the output powers (Table 3.6b) for the slot micro-discharge com­

pare favorably with those for the mercury lamps, particularly in the UV-C region. For

0.12 A/cm operation, the RF driven micro-discharge UVC intensity exceeds LPL and AL 

devices, while the micro-discharge UVB intensity is less than the MPMAL device in both 

the UVB and UVC regions. For operation at extrapolated 2.5 A/cm levels, the optical 

output of the micro-discharge exceeds each mercury lamp device in both the UCB and 

UVC regions.

3.8 Conclusion

We have presented absolute optical emission spectra in the 110-400 nm region 

from RF driven (13.56 MHz) hollow slot microplasmas operating with rare gas mixtures 

flowing through electrodes into open air at atmospheric pressure. The time-averaged op­

tical spectra provide a useful characterization of photon fluxes and light production po-
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tentially important for processing applications. UV/VUV spectra from 110-400 nm are 

presented for gas flows of argon and helium with small admixtures of hydrogen and ni­

trogen. In the 110-200 nm atomic lines, primarily from atomic nitrogen, dominate the 

emission. In the 200-300 nm region the emission is dominated by molecular NO emis­

sion. In contrast N2 and N2+ lines dominate the 300-400 nm region.

Optical spectra for 60 MHz operation of the He-N2 microdischarge provide in­

formation regarding excitation frequency effects, and also shows that external matching 

circuitry effects and the electrical measurements at different frequencies (Chapter 2) are 

consistent with the optical, 1(A), observations. The 2nd positive system of molecular nitro­

gen (N2(C 3ng - B3rig)) is used to measure the rotational (gas) temperature, and yields a 

(spatially averaged) temperature of 750 +/- 100 K for the case of argon gas flow. The vi­

brational temperature of the He-N2 microdischarge plasma is determined by fitting opti­

cal data with the SpecAir code [62] and from the peak intensity ratio method. The first 

method used the Av = -2 band series of the N2 2nd positive bands and the second method 

used the ratio of the 2-1 to 0-0 band of N2+(B-X) transitions. Both measurements provide 

close values of the vibrational temperature. Finally, we compare the efficiency and mag­

nitude of light emission from the open air microdischarge with that attainable from com­

mercial sealed mercury lamps. We find that while the micro-discharge has significantly 

lower emission efficiencies, the attainable output power per area compares favorably for 

high current operation of the RF micro plasmas.
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Chapter 4

Visible Emission Spectroscopy
4.1 Introduction

This chapter focuses on measurements and interpretation of visible emission 

spectra, I(X) for 400<A<850 nm, from the RF (13.56 MHz) excited microplasmas. Visible 

spectroscopy is complementary to UV/VUV emission spectroscopy of Chapter 3 and can 

also provide significant new information about plasma kinetics and plasma chemistry, 

such as electron temperature and electron energy distribution function (EEDF), electron 

number density, secondary processes, and cathode sputtering.

We employ the same slot microplasma device (Figure 3.1a) to obtain the visible 

emission spectra. Rare gas (Ar or He) is flowed through the hollow slot microplasma de­

vice with varying admixtures of N2/H2/O2 . Operating conditions of the hollow slot mi­

croplasmas are kept similar to those used to measure the UV/VUV spectra (i.e., <E/N> ~ 

35 Td, <E>~10 kV/cm, and current density j~  0.7 A/cm2). Unlike absolute UV/VUV 

emission spectra, we only have recorded relative calibration of the visible detection sys­

tem.

Section 4.2 discusses the experimental setup and relative calibration, Section 4.3 

describes general trends of the observed optical emission under varying conditions,
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Sections 4.4 through 4.7 present plasma characterization and calculated plasma proper­

ties. Visible spectroscopy results are summarized in Section 4.8.
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21 058.13

1083.03

20
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Figure 4.2: Partial energy level diagram of atomic helium transitions. Emission transitions labeled by 
the red arrow are beyond the covered spectral region in this work.

4.2 Experimental

4.2.1 Experimental Setup

Typical flow conditions for which optical emission spectra are obtained from the 

hollow slot microplasmas for Ar and He plasmas include: flow rates of Ar and He of 9 

slpm and 2 slpm respectively with varying addition of H2 or N2 or O2 . Again, the micro­

discharge operates in open air which mixes into the active plasma; while this adds com­

plexity it represents actual desired operating conditions.

The spectral measurement region encompasses the entire visible region (400-700 

nm) and includes parts of the UV (300-400 nm) thus overlapping the experimental
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observations of Chapter 312. This overlap allows measurement validation in the two lim­

ited wavelength regions. The spectral scans also cover parts of the IR region in the range 

700-850 nm where numerous atomic transitions of Ar and He are present.

Figure 4.1 shows the experimental setup for recording the visible emission spec­

tra. Microplasmas use the same AE RF source (13.56 MHz) and matching network as de­

scribed in Chapter 3 (Figure 2.3a). The slot plasma device is placed parallel and in close 

proximity to the entrance slit of a Jarrel Ash 0.6 m scanning monochromator. The mono­

chromator has a grating of 1200 grooves/mm blazed at ~ 550 nm. Vacuum is not neces­

sary for light propagation in this wavelength region; therefore, the MgF2  window and the 

vacuum pump are not employed. A photomultiplier tube is employed in the exit slit of the 

spectrometer to obtain the diffracted optical signal. The optical data acquisition range 

(wavelength) is primarily limited by the PMT response to 300-900 nm. The current signal 

from the PMT is passed to a computer via a Kithley 486 picoammeter.

4.2.2 Relative Calibration

Relative calibration of the detection system is performed using an Acton Research 

Corporation white light source. The white light lamp source is an Oriel Corporation 

quartz tungsten halogen lamp (Model QTH 6334). This lamp has known emission spec­

trum from 200 nm to 900 nm. The lamp is focused into the input slit of the monochroma­

tor and spectral data are acquired from 300 nm to 900 nm.

The calibration process employs the following:

I ’(X) = QTH emission spectra (nA).

12 Note that the vibrational temperature presented in Chapter 3 (Section 3.5), calculated from the peak in­
tensity ratio o f the 0-0 to 2-1 vibrational emission bands o f N 2+(B-X), is determined from the UV portion o f  
the visible experimental setup.
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["(A) = QTH irradiance curve (arbitrary unit).

The spectral response of the system R(A) = I'(A)/I"(A) (nA/arbitrary unit).

After determining the spectral response of the system, each spectral scan from the 

microdischarge plasma device is divided by the spectral response data to obtain the cor­

rected (relative) spectrum. Specification from the Oriel Corporation notes that the output 

efficiency may have a deviation of ± 15% from lamp to lamp. In addition, output effi­

ciency on day to day operation may vary up to ± 50% for the same lamp; therefore, abso­

lute optical intensity calibration is not reliable. However, we find that the output effi­

ciency does not vary by more than ± 20% over day to day operation and does not vary 

more than ±1% on the same day. Therefore, relative calibration of the microplasma emis­

sion spectra allows reliable comparison of intensities of different transitions within an in­

dividual scan. Of course comparison of the intensities of the same transition for different 

gas mixture does not depend on the system calibration (since the detection system re­

sponse at a given wavelength is fixed).

As an additional calibration a He-Ne laser is employed to determine the (instru­

mental function) spectral resolution (FWHM), AA, of the system. Spectral resolution at 

-632.8 nm is found to be, AA = 0.10 ± 0.01 nm and 0.18 ± 0.01 nm for slit openings of 

100 pm and 150 pm respectively (Appendix C).

4.3 General Discussions on Discharge Behavior Inferred from Visible Spectra

In this section we present observed trends of the optical emission spectra from the 

microplasmas for different gas admixtures. Spectra in the visible range (400-700 nm) are 

dominated mainly by atomic emissions with contributions from molecular emissions,
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while the UV (300-400 nm) region is dominated by molecular nitrogen emissions and 

the IR region (700-850 nm) primarily contains atomic emissions.

(X+)* + M = X+ + M + K.E. (non radiative collisional de-excitation) R4.1

X+ + e (slow) — ► X (non-radiative recombination) R4.2

where, M is rare gas or any other species.

It is noteworthy that emissions from atomic ions are weak. Very weak emission 

from excited Ar+ is observed and no detectable emission from excited He+ is ever ob­

served. This observation indicates that the atomic ion concentration is small and/or the 

ions are lost through processes that do not involve radiative emissions (R4.1 and R4.2). 

In addition to collisional de-excitation (followed by non-radiative recombination) it is 

possible that two processes, formation of dimer ions13, and symmetrical charge transfer 

(SCT)14, may account for loss of atomic ions. At atmospheric pressure, formation of 

dimer and dimer ions is very likely [1-3]. Excited atoms or ions of rare gases can com­

bine with neutral atoms in a three body reaction (R 4.3 & R 4.4) to form dimer or dimer 

ions [1, 3], It is also possible that the discharge is forming dimer ions to sustain the plas­

mas. Note that the formation of dimer ions (R 4.3 and R 4.4) requires less energy [4, 5] 

than ionizing the respective atoms and thus are increasingly likely in rare gas atmospheric 

(collisional) plasma:

X + X* + M = X2+ + M R4.3

X+or(X+)* +X  + M = X2+ + M + K.E. R4.4

13 Dimer ions decay non radiatively upon capturing a slow electron.

14 Symmetrical charge transfer refers to charge transfer between atoms (or molecules) o f  the same species 
(R4.5).
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where X stands for a rare gas atom, M stands for rare gas or any third body present in the 

plasma, and the asterisk (*) represents the excited state.

The reaction (R 4.3) requires that the excited state of an atomic helium possess an 

energy o f-23.1 eV or more to form helium dimer ion [5]. Therefore atomic excited states 

with principal quantum number n> 4 and some n=3 states may form dimer ions15 and 

provide substantial amount of the electron-ion pairs required to sustain the plasmas. (In 

the case of Ar, the dimer ion formation requires 14.7 eV [5], which is slightly lower than 

the argon ionization energy (15.5 eV) [6].) Ions or excited ions may also form dimer ions 

via reaction R 4.2. The APGD microplasmas are highly collisional, thus three body reac­

tions R4.1 and R4.2 are likely to be present.

A second possible channel for non-radiative decay of the excited atomic ions is 

via a charge transfer process. Charge transfer among same species (symmetric charge 

transfer (SCT)) is highly probable [7] and at atmospheric pressure the collision frequency 

is very high (Table 2.2). Hence excited ions may transfer their charge through reaction 

R4.5:

X + (X+)* —► X+ + X + K.E. R 4.5

and the newly generated ground state ions can recombine non-radiatively (R4.2) with 

slow electrons.

For clarity, the spectra of the microplasmas for different rare gas-impurity admix­

tures are presented separately. Subsections 4.3.1 and 4.3.2 describe the trend of helium 

and argon microplasmas respectively. Note that like UV/VUV emission spectra, the opti­

cal spectra collected by the detection system are both time averaged and path integrated.

15 Even though metastable-metastable interaction can form dimer ions, we disregard this contribution, be­
cause, at high pressure forming dimers via R3.8 is more probable.
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4.3.1 Helium Plasma

The flow rate of helium in the helium open-air microplasmas is 2 slpm and flow 

rates of added impurities are varied. Figure 4.2 shows the partial energy level diagram of 

atomic helium and Table 4.1 presents the most intense atomic helium transitions ob­

served in the helium plasmas. The sample spectra are shown in Figure 4.3a-d. Figure 

4.3a,b show the most intense transitions originating from the second positive bands of N2 

and first negative bands of N2+, and Figure 4.3c,d shows different atomic transitions of 

He I in the visible region (500-775 nm). The N2 and N2+ bands are strong for plasmas 

with nitrogen addition but weak in the pure He, He-H2  and He-C>2 plasmas, therefore, 

these transitions are judged to predominantly originate in the active discharge region, i.e. 

they are not due to mixing of the ambient nitrogen.

Table 4.1: Observed atomic transitions from He microplasma with added impurity of H2, N2 or 0 2. 
In the term representation, terms in the left represent the lower energy state and the term in the 
right represent the higher energy state. All the transitions are taken from ref. [6]. Spectral resolution 
of the system is not sufficient to resolve the fine-structure.

Transitions (nm) Energy States Energy (e V)
318.77 2s 3S-4p JP° 19.82-23.71
388.86 2s 3S-3p 3P° 19.82-23.01
396.47 2s *S-4p *P° 20.61-23.74
447.15 2p JP°-4d JD 20.96-23.73
492.19 2p 'P°-4d 'D 21.22-23.74
501.57 2s *S-3p 'P0 20.61-23.09
587.60 2p JP°-3d JD 20.96-23.07
667.82 2p *P0-3d *D 21.22-23.07
706.52 2p JP°-3s JS 20.96-22.72
728.13 2p 'P°-3s 'S 21.22-22.92

Numerous atomic transitions from n=3,4 states to n= 2,3 states are observed 

(Figures 4.3c,d). No He II transition is identified in the visible range (nor in the UV/VUV
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region [8]), Transitions from other atomic species (H, O, Ne etc.) are observed (Figure 

4.5, 4.9, and 4.10) and are due to source gas impurities and/or ambient mixing from open 

air operation.
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Figure 4.3.a: Spectra of the first negative 0-0 vibrational band of molecular nitrogen ion N2+(B-X) 
and the second positive 0-0 vibrational band of molecular nitrogen (inset) excited in a He-N2 open-air 
microplasmas. Flow rate of He is 2 slpm and flow rate of N2 are 5.0 seem (red), 10 seem (green), 20 
seem (blue).
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Figure 4.3.b: Spectra of an open-air He-N2 microplasma in the spectral range from 300 nm to 500 
nm. Flow rate of He is 2 slpm and flow rate of N2 are 0.0 seem (black) and 5.0 seem (red)). Strong 
emissions are observed from N2 (2nd positive) and N2+ (1st negative) bands. Inset shows N2+ Av = -2 
series of 1st negative bands.
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Figure 4.3.c: Strong atomic emission in the visible region from excited He I atoms are labeled. Plas­
mas are sustained for He flow rates of 2 slpm with different admixtures of N2 (0.0 seem (black) and 
5.0 seem (red), 10.0 seem (green) and 20 seem (blue)). Inset shows the intensity changes of a He I 
(706.52 nm) transition.
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Figure 4.3d: Spectra of He-02 microplasmas in the spectral range from 500 nm to 700 nm. Flow rate 
of He is 2 slpm and flow rate of 0 2 are 0.0 seem (black) and 5.0 seem (red), 10.0 seem (green) and 20 
seem (blue). Strongest emissions are from excited atomic helium.

4.3.1a Helium-Nitrogen Plasma

This sub-section and the following two sub-sections discuss the observations and 

the interpretations of He microplasmas emission spectra, 1(A), with varying addition of 

N2 , H2  and O2 . Strong He I atomic emissions are observed for He-N2 microplasmas. The 

primary reaction mechanisms judged to be involved in excitation and emission of He are 

listed below:

He(ls *S) + e (fast) = He* or He** + e R 4.6

He* + e (slow) = He** + e R4.7

HeM + e (slow) = He*/He** + e R4.8
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He* —►He(ls *S) + hv R4.9

He**—► He*/HeM+/tv R4.10

He*/He** + He/e —► He(ls 1S) + He(ls xS)h R4.11

HeM + N2 /H2/0 2 —► He + (N2+)*/(H2+)*/(02+)* + e R 4.12

where * and ** signs denote lower and upper excited states (singlet or triplet) respective­

ly and superscript M stands for metastables.

Table 4.2: Observed He atomic transitions from He-N2 microplasmas with constant helium flow rate 
of 2 slpm and varying nitrogen flow rate as indicated in the table. The transitions with asterisk (*) 
sign are either poor in intensity of suffered interference from other transitions. The transition inten­
sities are normalized to respective transitions at zero nitrogen partial pressure. E„, Et and AE repre­
sents the energy of the upper state, lower state and the difference in energy between the respective 
levels. All the transitions are taken from ref. [6]. Spectral resolution of the system is not sufficient to 
resolve the fine-structure.

Wavelength
(nm) Type

Nitrogen flow rate (seem) 
(First Row) Energy (eV)

Normalized Intensity (a.u.)
0 5 10 20 E« Et zLE=£„-£/

*318.77 Triplet-Triplet 1 0.79 0.68 0.52 23.71 19.82 3.89
*388.86 Triplet-Triplet 1 0.92 0.77 0.59 23.01 19.82 3.19
*396.47 Singlet-Singlet 1 0.61 0.44 0.58 23.74 20.61 3.13
447.15 Triplet-Triplet 1 0.79 0.53 0.46 23.73 20.96 2.77
492.19 Singlet-Singlet 1 0.731 0.56 0.48 23.74 21.22 2.52
*501.57 Singlet-Singlet 1 - - - 23.09 20.61 2.48
*504.77 Singlet-Singlet 1 - - - 23.67 21.22 2.45
587.56 Triplet-Triplet 1 0.51 0.37 0.27 23.07 20.96 2.11
667.82 Singlet-Singlet 1 0.75 0.56 0.45 23.07 21.22 1.85
706.52 Triplet-Triplet 1 0.76 0.59 0.47 22.72 20.96 1.76
728.13 Singlet-Singlet 1 0.75 0.61 0.48 22.92 21.22 1.7

Table 4.2 shows the integrated intensities of different He I intensities, with vary­

ing concentrations of N2. All transitions are normalized with respect to the corresponding 

transition intensities for a pure helium microplasma. Transitions suffering interference 

from other transitions are labeled with an asterisk in the wavelength column (Table 4.2). 

The intensities of the helium atomic transitions decrease (Table 4.2) with increase in
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nitrogen flow rates (5,10 and 20 seem). As will be explained below, this is due to a com­

bination of: decrease in the high energy tail of the EEDF (R4.6) [9], increased quenching 

of He metastables by N2 (R4.12) [10, 11], and cascading effect16 from upper and lower 

states (R4.7, R4.8, and R4.10). No optical transitions from levels n>5 are observed, indi­

cating these energy levels are either lowly populated or quickly collisionally combine to 

form dimer ions (He2+) (R 4.3).

The addition of N2 in the He discharge decreases the high energy tail of the elec­

tron energy distribution function (EEDF) and causes a shift in the mean EEDF toward 

lower energy [9]. This decrease in the high energy tail of EEDF affects the population of 

excited states directly (R4.6) and/or indirectly (R4.7 and R4.8). Since the metastable 

states (singlet (2s 'S) and triplet (2s 3S)) and the 2p 3P° state have large electron impact 

excitation cross-sections from the ground state He (Is JS) (R4.6) [12], the population of 

these levels decreases most.

Quenching of helium metastable states specifically the 2s 3S state is very sensitive 

to any impurity addition (even ppm) at pressures higher than 100 Torr due to their long 

lifetime and large cross-section [10]. Nitrogen impurities in the high pressure He plasma 

can deplete the He metastable states by Penning ionization of N2 to N2+ (reaction R4.12) 

[10, 11]. Quenching of metastables affects the secondary excitation processes (reaction 

R4.8). Note that the decrease in the metastable concentration does not depend only on the 

Penning mechanism (R4.12) but also on other processes, such as reduction in the reduced 

electric field, E/N, due to the lower ionization potential of atomic and molecular nitrogen.

16 The lifetime of the excited states are very short compared to the metastable states, therefore the cascad­
ing effects are disregarded in our consideration (except for upward cascading from 2p 3P° state since 
it has very large excitation cross-sections for electron impact excitation to the upper states, and also have 
large population density).
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Singlet states can have dipole allowed transitions to the ground state (He (Is *S)) 

while the triplet metastable state acts as the virtual ground state for the excited triplet 

states. In addition the metastable state He(2s 1S) is at higher energy compared to the trip­

let metastable state He(2s 3S), so that the population density of the triplet metastable state 

is expected to be greater than the singlet metastable state population density. Table 4.2 

shows that the intensities of the triplet transitions decrease at a faster rate as nitrogen is 

added compared to the singlet transitions; hence, slow electrons are judged to contribute 

to the excited state population (R4.7 and R4.8). If the effect of the slow electrons is small 

and only reaction R4.6 contributes primarily to populate the excited states, then the 

singlet and triplet transition intensities should decrease roughly by the ratio of their exci­

tation cross-sections from the ground state. The intensity trends of the 587 nm triplet 

emission is the best example (Figure 4.4) of slow electron-metastable interaction (see 

Appendix D for detail).

— |--------------- ,----------- -------------------- it -  - ~ - r ~ — 1 r~^

584 585 586 587 588

Wavelength (nm)
Figure 4.4: Strong atomic emission from the 587.5 nm He I transition. Plasmas are sustained for He 
flow rates of 2 slpm with different admixtures of N2 (0.0 seem (black) and 5.0 seem (red), 10.0 seem 
(green) and 20 seem (blue)).
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Adding small amounts of N2 (5 seem) flow to the upstream primary He (2 slpm) 

flow sharply increases the N2+(B-X) emission (Figure 4.3.a), the upper state of which is 

formed due to both electron impact (direct and secondary) excitation and Penning ioniza­

tion of N2 [10, 11]. However, any further increase in N2 (10 and 20 seem) decreases the 

N2+(B-X) emission because of quenching of the metastables. This behavior suggests the 

N2+(B) state is predominantly formed via Penning mechanism in the active discharge re­

gion.

There are a few emissions (584, 702 and 724 nm) in the helium plasma (Figure 

4.3c and Figure 4.4) which coincide very well with the Ne I lines. Most likely the origin 

of these lines are from the impurity of the feed gas. Intensities of these lines decrease 

very sharply with the addition of N2. The upper levels of these transitions (-18.38 and

18.8 eV above the ground level of the Ne I) are very close to the energy of the He (2s 3S) 

metastable state, so that the reduction in transition intensities are consistent with quench­

ing of metastables by added impurity.

4.3.1b Helium-Hvdrogen Plasma

The addition of upstream hydrogen to the helium plasmas yields similar behavior 

to the helium-nitrogen plasmas as regards the atomic He I transitions. That is, atomic 

transitions of helium are observed to decrease with upstream H2 addition (5 seem and 10 

seem). The amount of gas flow matters as twenty seem of H2 in helium plasma shows an 

increase in intensity of He I transitions as compared to the 10 seem of H2 flow in the He 

plasma. This non-linear behavior was explained in Chapter 3.

Table 4.3 provides relative intensities of different helium atomic lines for differ­

ent hydrogen flow rates. The addition of H2 decreases He I atomic emission intensities.
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Similar to He-N2 discharge, the 587 nm transition intensity decreases sharply in the He- 

H2 microplasma. Again, the triplet-triplet transitions are affected more as compared to the 

singlet-singlet transitions and this trend shows the importance of the secondary process 

involving slow electrons and triplet metastables (He 2s 3S). It can also be inferred that H2 

quenches the He metastables efficiently [11]. No detectable emission transition from ex­

cited H2+ is observed in the visible region. Further 486 nm and 656 nm emissions are in­

dicators of the existence of H2+ (Section 4.5), and thus supports the H2 (B-X) radiative re­

combination emission near -165  nm (Chapter 3).

Table 4.3 Observed atomic transitions from He-H2 microplasmas with constant helium flow rate of 2 
slpm and varying hydrogen flow rate as indicated in the table. Triplet and singlet transitions are in­
dicated by red and black color letters respectively. The transition intensities are normalized to re­
spective transitions at zero hydrogen partial pressure. Eu, Et and AE represents the energy of the up­
per state, lower state and the difference in energy between the respective levels. All the transitions 
are taken from ref. [6]. Spectral resolution of the system is not sufficient to resolve the fine-structure.

Wavelength
(nm) Type

Hydrogen flow rate (seem) 
(First Row)

Energy (eV)
Normalized Intensity (a.u.)

0 9 18 37 Eu Ei AE=EU-El

318.77 Triplet-Triplet 1 0.68 0.77 0.84 23.71 19.82 3.89

388.86 Triplet-Triplet 1 0.74 0.23 0.25 23.01 19.82 3.19

396.47 Singlet-Singlet 1 0.93 0.32 0.33 23.74 20.61 3.13

447.15 Triplet-Triplet 1 0.65 0.24 0.32 23.73 20.96 2.77

492.19 Singlet-Singlet 1 0.83 0.45 0.52 23.74 21.22 2.52

501.57 Singlet-Singlet 1 0.84 0.47 0.55 23.09 20.61 2.48

587.56 Triplet-Triplet 1 0.60 0.45 0.49 23.07 20.96 2.11

667.82 Singlet-Singlet 1 0.78 0.68 0.89 23.07 21.22 1.85

706.52 Triplet-Triplet 1 0.79 0.65 0.64 22.72 20.96 1.76

728.13 Singlet-Singlet 1 0.87 0.70 0.82 22.72 22.92 1.7

Both triplet and singlet transitions show smaller decrease in intensities for longer

wavelength (smaller AE) transitions, which provide a further indication of reduction in
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mean electron energy towards the lower energy (the slow electron effects (R4.7 and 

R4.8) are more pronounced in the He-H2 microplasmas).

4.3.1c Helium-Oxygen Plasma

Helium-oxygen discharges tend to suffer little plasma instability due to the higher 

electron affinity of oxygen (which converts free electrons into negative ions). Small addi­

tion of oxygen (up to 5 seem) into helium plasmas increases the helium atomic emission 

intensities (Fig. 4.3d), due to a decrease in the population of low energy electrons be­

cause of electron attachment. The discharge therefore requires higher electric fields in 

order to sustain the plasmas17, so that intensities of the atomic helium lines increase 

(R4.6-R4.8). Also, the negative ions of atomic oxygen generate local electric fields that 

may contribute to increased localized changes in atomic transition intensities and stria- 

tions. In this situation the discharge automatically adjusts the E  field to sustain the 

plasma, and hence the intensities of the He I transitions vary. Along with the adjustment 

of the E  field, the quenching of He metastables (by O2) decrease the secondary processes, 

and the intensities of both He I and O I transitions to decrease.

01 (777.5nm) 3s 5S°-3p 5P
800-

">  600

2 ?  400

200

778776 777
Wavelenght (nm)

Figure 4.5: Spectra of atomic oxygen emitted from a He-02 microplasmas. Flow rate of He is 2 slpm 
and flow rate of 0 2 are 0.0 seem (black) and 5.0 seem (red), 10.0 seem (green) and 20 seem (blue).

17 Inverse ionization effect, discussed in Chapter 1.
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Strong emissions from atomic oxygen at 777 nm (Figure 4.5) and 844 nm indicate 

the open air discharge is very effective in producing energetic atomic oxygen which is 

favorable for etching organic films [13], surface treatment of organic materials [14, 15], 

and ashing processes in the semiconductor and other industries. Also, molecular ion C>2+ 

may have some contribution in producing the strong atomic oxygen emission due to dis­

sociation at the discharge wall. We also observe weak C>2+(b 4S - a 4n) first negative band 

at around 525 nm (Figure 4.3d).

4.3.2 Argon Plasma

Quantitative understanding the optical plasma emission trends for the atmospheric 

pressure Ar microplasmas18 is very difficult as it requires information on: electron impact 

excitation cross-sections from the ground state and metastable states, termolecular reac­

tion rates, cascading effects, radiative recombination rates, optically allowed transition 

probabilities, etc. Thus, computer simulation and modeling is needed to fully analyze the 

Ar microplasmas, which is beyond the scope of the current work. (It is the object of fu­

ture collaboration with Professor M. G. Kong of Loughborough, University. (UK)). 

Nonetheless, in this subsection we explore these processes by estimating the electron im­

pact excitation cross-sections, metastable quenching effects, and the dipole allowed Ein­

stein A co-efficient of the observed argon atomic transitions.

Argon requires less ionizing energy as compared to helium (15.6eV vs. 24.6 eV) 

and is therefore more prone to plasma instabilities at atmospheric pressure. Further, ar­

gon has a higher secondary emission coefficient of electrons (y(Ar+)=2y(He+) [16]) from 

the cathode surface. Secondary electrons can cause electron avalanche in the bulk of the

18 Because Ar is heavier atom, its has more energy levels (and energy gap between these levels are small) 
compared to He.
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plasma leading to arc instability. Therefore, the argon microplasmas require higher gas 

flow rates (higher pressure inside the slot) compared to the helium microplasmas for sta­

ble operation. The higher flow rate helps also reduces the gas heating effect, and thus 

maintains a lower E/N value.

Q .
13.5 to

CLQ.
__5° cm

CO Q _  D .  ^  
Q .  CM

CMCM
CJ>

CMCL
id
CD
CN
CD

COCD
CO
Omhw

N

N
£ E

CDhs.
CO
CN

CD ohwCDE5J
s  12-5c

UJ

GO

cr>
CD
oo
CD

CD
en
CDN-

<n

CD
CN
CD
CD

cK n
N

N

CDCD

D  
LD 
CD

11.5

Figure 4.6: Partial energy level diagram of Ar I and associated emission recorded from the Ar mi­
croplasma. Observed strong Ar I emissions are shown by downward arrows.

In the argon microplasmas, Ar flow rates are 9 slpm with varying concentrations 

of N2 and H2 . Like helium microplasmas, dimers [8, 17-20] and dimer ions [17, 19, 21- 

24] may be formed in atmospheric pressure argon microplasmas. UV/VUV spectra have 

already validated the formation of argon dimer and dimer ions and the importance of 

VUV photons from 2nd continuum for the microplasma breakdown has been discussed 

(Chapter 3). Figure 4.6 shows a partial energy level diagram of atomic Ar. Figures 4.7a,b 

show numerous strong atomic emission of in the visible and near IR regions. Several
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weak emissions from excited Ar+ are also observed in 400-600 nm region. (In contrast, 

note that the emissions from ionic helium are completely absent in the He microplasmas.)

A partial energy level diagram of argon is shown in Fig 4.6, where only the most 

intense transitions of the Ar microplasmas are labeled. The spin quantum number is not a 

good quantum number [25], so that L-S coupling does not apply and Paschen notation is 

used. Exceptions are the Is (Paschen notation) states which are described by the LS 

scheme. The Is  state has four energy levels (J=0, 1, 1 and 2). For these levels and the 

ground state it is more convenient to use the Russell-Saunders (LS) scheme: the first four 

excited levels, namely, 3P°2 , 3Pi, 3P°o, and 'Pi and the ground state is 1 So. The 3P°o and 

3P° 2  are metastable states of argon while the other two excited states are coupled to the 

ground state via resonance transition and are linear combination of the J=1 states (3P°i 

and 1P°i). Intense transitions are observed from the 2p (2pi to 2pio in Paschen notation) 

states to 'P state and 3P states (Table 4.4). All these states along with high lying states are 

thought to play an important role in sustaining RF (13.56 MHz) driven atmospheric pres­

sure hollow slot Ar microplasmas.

Table 4.4: Wavelengths (nm) of Ar 2p-ls allowed transitions observed from Ar microplasmas. Wave­
length table is taken from the ref. [26].

2pi 2p 2 2p 3 2p 4 2ps 2pe 2p7 2ps 2p9 2pio

lS2 750.4 826.5 840.8 852.1 *858.1 922.4 935.4 978.5 1148.8

ls 3 772.4 794.8 866.8 1047.0

IS4 *667.7 727.3 738.4 747.1 751.5 800.6 810.4 842.5 965.5

ls 5 696.5 706.5 714.7 763.5 772.4 801.5 811.5 912.3
* Intensity is very weak.
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Table 4.5: Einstein A coefficients for different atomic transitions of atomic Ar [27].

T (nm ) A k iO O V ) Lower State Upper State Ei-Eu
667.73 0.24 lS4(3PO0 2pi 11.62-13.48
696.54 7.2 1s5(3P°2) 2p2 11.55-13.33
706.72 4.4 1s5(3P°2) 2p3 11.55-13.30
714.70 0.7 1s5(3P°2) 2p4 11.55-13.28
727.29 1.9 1 s4 (3P°1> 2p2 11.62-13.33
738.39 8.9 1s4(3P°i) 2p3 11.62-13.30
750.38 45 1s2(1P°i) 2 p l 11.83-13.48
751.46 44 1s4(3P°,) 2p5 11.62-13.27
763.51 27.4 1s5(3P°2) 2p6 11.55-13.17
772.37 5.4 1s5(3P°2) 2p? 11.55-13.15
772.42 12.5 1s3(3P°o 2p2 11.72-13.33

794.81 19 1s3(3P°o) 2p4 11.72-13.28
800.61 4.6 1s4(3P°,) 2pe 11.62-13.17
801.47 9.5 1s5(3P°2) 2p8 11.55-13.09
810.36 26 1s4(3P°,) 2p6 11.62-13.15
811.53 35 1s5(3P°2) 2p6 11.55-13.08
826.45 17 1s2 (!P°i) 2pz 11.83-13.33
840.82 23 lSzl'P 0!) 2p3 11.83-13.30
842.46 21 1s4(3P°i) 2p8 11.62-13.09
852.14 13 1s2(1P°i) 2p4 11.83-13.28
866.79 2.6 l s 2(1p°1) 2p? 11.72-13.15

Decrease in the intensities of the argon atomic lines is observed for upstream hy­

drogen addition, while upstream nitrogen addition show oscillatory changes in line inten­

sities. Numerous weak transitions of atomic argon from higher energy levels are ob­

served. Among the ten excited states described (2pi through 2pI0), transitions originating 

from the 2pw  level are beyond the spectral region of our detection system.

4.3.2a Argon-Hvdrogen Plasma

Addition of upstream hydrogen to the argon microplasmas decreases the intensi­

ties of the Ar I transitions, which we believe is due to a decrease in the average elec­

tron On energy [28] and quenching of Ar metastables19. The quenching rate constant

19 Molecular hydrogen is very effective in destroying the Ar metastables [29],
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Table 4.6: Integrated intensities of atomic Ar I emissions from Ar-H2 microplasmas with constant Ar 
flow rate of 9 slpm and varying hydrogen flow rate as indicated in the table.

A(nm)
H2 flow rate (First Row) Energy (eV)

Integrated Intensity (a.u.)
Osccm 9 seem 18 seem 37 seem Eu E, A E

667.73 1 0.84 0.71 0.46 13.48 11.62 1.86
696.54 1 0.51 0.36 0.20 13.33 11.55 1.78
706.72 1 0.77 0.56 0.33 13.3 11.55 1.75
714.70 1 0.6 0.56 0.27 13.28 11.55 1.73
727.29 1 0.46 0.34 0.18 13.33 11.62 1.71
738.39 1 0.76 0.55 0.30 13.30 11.62 1.68
750.38 1 0.82 0.61 0.37 13.48 11.83 1.65
751.46 1 0.49 0.38 0.25 13.27 11.62 1.65
763.51 1 0.696 0.45 0.25 13.17 11.55 1.62
*772 1 0.57 0.36 0.19 13.33 11.72 1.61

794.81 1 0.81 0.45 0.25 13.28 11.72 1.56
800.61 1 0.79 0.38 0.21 13.17 11.62 1.55
801.47 1 0.93 0.47 0.28 13.09 11.55 1.54
810.36 1 0.79 0.54 0.27 13,15 11.62 1.53
811.53 1 1.12 0.58 0.35 13.08 11.55 1.53
826.45 1 0.60 0.47 0.16 13.33 11.83 1.50
840.82 1 0.97 0.51 0.29 13.30 11.83 1.47
842.46 1 0.81 0.54 0.25 13.09 11.62 1.47
852.14 1 0.65 0.42 0.23 13.28 11.83 1.45

* Overlap o f two transitions.

for the 2p6 state of Ar I by H2 (6.8 xlO'10 cm'3 sec'1) is larger than the quenching rate 

for 2pi (0.27xl0'10 cm'3 sec'1), and 2ps (5.8x1 O'10 cm'3 sec'1) [30] (collisional quenching 

of Ar* by H or H2  should be insignificant since the partial pressure of H2  is very small 

and lifetimes of Ar* are small). The emission spectra of Ar-H2 show that the emission in­

tensities of the transitions originating from the 2pc state (763 nm and 800 nm) decrease at 

a faster rate compared to the transitions originating from the 2pi and 2p# states (750, 667, 

800, 763 and 811 nm) but at smaller rate compared to the 2p$ state (752 nm) (although 

this state has smaller quenching rate constant by H2 (4.10x1 O'10 cm'3 sec'1)). This observa­

tion indicates that the collisional quenching of Ar* may have contributions from other 

species. It is likely that excited Ar atoms are collisionally quenched by the same species
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(Ar) owing to argon partial pressure being ~ 200 times larger than H2 partial pressure 

(even though self quenching rates of these states (2p i , 2p 5 and 2pg ) are order of magni­

tude smaller as compared to quenching by H2). The observation also indicates that the 

transitions with larger self quenching rate for the excited Ar state suffers the largest de­

crease in intensity with addition of H2 . This behavior is not well understood. At present it 

is believed that gas heating may increase considerably with the addition of H2 due to fil­

amentary channels, thus increases self-quenching.

Table 4.7: Measured full width at half maximum (FWHM) and width at 10% (of normalized inten­
sity) for 2p-ls transitions for pure Ar microplasmas are tabulated below.

Wavelength (nm) FWHM A ^nrn) At 10% intensity, A/l
*667.73 - -
696.54 0.124 0.250
706.72 0.127 0.250
714.70 0.131 0.260
727.29 0.127 0.225
738.39 0.138 0.257
750.38 0.174 0.450
751.46 0.120 0.250
763.51 0.127 0.250
772.4 0.125 0.242

794.81 0.130 0.252
800.61 0.131 0.260
801.47 0.141 0.254
810.36 0.138 0.285
811.53 0.124 0.276
826.45 0.193 0.506
840.82 0.218 0.585
842.46 0.121 0.251
852.14 0.222 0.557
*858.1 - -
866.79 0.128 0.252

* Intensity is very weak.

Transitions from the 2p 2 states (826.5 nm, 772.4 nm, 727.3 nm and 696.5 nm) 

have Einstein A coefficients (in 106 sec'1) of —17, 12.5, 1.9 and 6.2 respectively (Table 

4.5) [27], Table 4.6 shows that for addition of 9 seem of H2 , the intensity drop is a maxi-
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mum for transitions with the minimum Einstein A coefficient, and this trend is generally 

followed for higher H2 flow rates for transitions originating from 2ps and 2p 4, 2ps, 2p 7 

states {2p6 and 2p$ do not follow the trend)20. This observation indicates the plasma is op­

tically thin at these wavelengths. Since Einstein's A coefficient is inversely proportional 

to the spontaneous radiative life time [32], non-radiative collisional deactivation may ac­

count for the intensity reduction. This behavior is consistent with the previous hypothesis 

of self quenching.

The transitions (750.4 nm, 826.5 nm, 840.8 nm and 852.1 nm) that involve the IS2 

(1Pi-4s'[l/2]°i) state as the terminating state, show considerable line broadening in rela­

tion to other 2p-ls transitions (these transitions are shown in bold in Table 4.7). This ob­

servation can not account for with collisional broadening or radiative recombination 

broadening. If the broadening were the effect of collisional broadening, transitions from 

the same upper level would exhibit similar broadening (and this is not observed). Radia­

tive recombination of Ar2+ can also not account for this behavior either because Ar2+ ( 

~14.5eV) has a strong probability of dissociative recombination to the 3d and 3d' states 

(of energy 13.86 and 14.30 eV) [33] as opposed to 2p states. These broadened transitions 

have the same lower energy level ('Pj) state, so the broadening is most likely associated 

with the lower level. The broadening may be a consequence of the splitting of the Stark 

levels of the lower energy state, but more theoretical work and simulation are required to 

understand this behavior.

20 Exception for 2p6 and 2pg levels could be due to their larger integral cross sections [31]. Also the lower 
lying levels, such as 2p8 levels is expected to show different behavior due to collisional coupling between 
2p8 and 2p9 pair [30] and collisional effect with slow electron from metastable states.
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4.3.2b Argon-Nitrogen Plasma

In the Ar-N2 plasmas, intensities of transitions from the N2(C) to N2OB) state in­

crease with increased upstream N2 flow rate as expected. Most of the molecular transi­

tions lie in the range 300-500 nm (2nd order diffraction transitions are observed at higher 

wavelengths). No N2+(B-X) transitions are observed in the Ar-N2  plasma. The energy re­

quired to form N2+(X) is 15.6eV, which is greater than the ionization energy of the Ar 

atom and much higher than the metastable energies of argon atom, thus precluding Pen­

ning ionization. Since N2 curtails the high energy electron tail [34] of the argon dis­

charge, direct electron impact excitation to N2+ (B) is also highly improbable.

The addition of a small amount of N2 (5 seem) into the Ar flow decreases the in­

tensity of argon atomic transitions. However, addition of 10 seem N2  increases the inten­

sities of the atomic transitions in comparison to the 5 seem case, but yields intensities less 

than those of the pure argon microplasma. Further increase in N2 addition (20sccm) to the 

main stream decreases the atomic transition intensities. This nonlinear behavior is not 

well understood but suggests multiple processes are in competition. It is known that addi­

tion of N2 decreases the high energy tail of the EEDF [34], which in turn decreases the 

excitation and ionization of the argon atoms. It is likely that the addition of N2  not only 

quenches the metastables of Ar but also prevents formation of argon metastables [35]. 

Moreover elastic energy loss of electrons to N2 is large compared to H2 . These factors 

may contribute to the reduction of stepwise ionization and Ar2+ formation. Therefore, in 

contrast to the He plasmas, it is likely that the Ar plasmas are sustained predominantly by 

atomic ions as opposed to dimer ions.
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4.4 Cathode Sputtering

Cathode sputtering by Ar and combinations of Ar with other molecular gases (H2 , 

N2 , O2 etc.) is discussed in the literature (e.g. ref. [28, 36] and the references there in). In 

ref. [36], sputtering of a Cu cathode by Ar, Ar+, H2+, H+, ArH+ etc. has been described in 

detail on the basis of emission spectra (but under very high excitation voltage (1000 V)).

120 -

80-

324 325 326 327
W avelength (nm)

Figure 4.8: Cu I resonance lines emitted from the Ar-H2 microplasma. The flow rate of Ar is 9 slpm 
and the varying hydrogen flow rates are 0.0 seem (black), 9 seem (red), and 37 seem (blue).

In this work electrode sputtering is also observed in optical emission. Figure 4.8

shows strong Cu I resonance transitions in argon microplasmas with admixtures of H2 .

Ion impact is responsible for dislodging Cu atoms from the cathode. We believe the ion

responsible is ArH+. It is interesting to note that the Cu I atomic transitions do not appear

in detectable levels in pure Ar, pure He, He-H2 or He-N2 plasmas. Therefore it can be

concluded that energetic Ar, Ar+, N2+, H2+ or H+ do not have significant contributions to

cathode sputtering. And, since there is no cathode sputtering from argon ions in the pure

argon plasma it can be concluded that argon ions undergo efficient symmetrical charge
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transfer (SCT) [7, 28] reaction (R4.13) and the ions do not gain sufficient kinetic energy 

from the electric field to dislodge the Cu atoms from the cathode.

Ar+(fast) + Ar(slow) = Ar+(slow) + Ar(fast) R 4.13

ArfF is believed to be responsible or the copper sputtering. In contrast to Ar+, 

ArH+ does not have a neutral counterpart [37] and can not undergo symmetrical charge 

exchange, thus it can accelerate through the plasma and sheath electric field towards the 

cathode. Hence, the ArH+ can impinge on the cathode with far higher energies than Ar+ 

for the microplasmas of our consideration. Increases in the Cu I (323 nm) resonance 

transition with increasing H2 partial pressure in Ar plasmas have been observed by other 

researchers [38], possibly because of increased ArfT concentration. The possible paths 

for ArH+ formation in Ar-H2 microplasma are listed below (R4.14-R4.17) [35]:

Ar** + H = ArH+ +e R 4.14

Ar2+ + H2 = ArH+ + H + Ar R 4.15

Ar** + H2 = ArH+ + H' R 4.16

Ar++ H2 = ArH++ H R 4.17

He2+ + H2 —►He + He+(H2+)* R4.18

He* + H2—► He + (H2+)* R4.19

(H2+)* + e —► H* + H + K.E. R4.20

4.5 Wing Broadening of Atomic H Transitions

Addition of upstream H2 to the helium and argon microplasmas results in H 

atomic emissions. Figure 4.9 and 4.10 show two transitions of hydrogen lines at 486 nm 

and 656 nm respectively. A very weak line at 434 nm is also detected. In the He-H2 

plasma, considerable wing broadening for these transitions is observed, but no such wing
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broadening is present in the Ar-H2 plasmas. Since Ar metastables are unable to excite H2  

to (H2+)* or H2+ due to energy mismatch21, the observed H I emissions in the Ar-H2

1

H (486.1 nm)>*
(Ocd)
c

(0
E
o
z

0
486485 487 488

H 486.1 nm)

Vtovelength (nm) 485 i*L, i 486^ /  x 487Wavelength (nm)

Figure 4.9: Hp line at 486 nm from He-H2 microplasma (left) and from Ar-H2 (right) microplasma. 
He and Ar flow rates are 2 slpm and 9 slpm respectively, and. H2 flow rates are 37 seem.

1
Ha (656.3 nm)

>v4-*

(0
E
o
z

0
656654 655 657

Wavelength (nm)

Figure 4.10: H„ line at 656 nm from He-H2 microplasma. The plasma condition is: He flow rate is 2 
slpm and H2 flow rate is 37 seem.

plasma are judged to be a consequence o f direct electron impact excitation o f atomic H 

from the ground state. In the Ar-fh plasma a dissociation continuum is observed (Chapter 

3). On the contrary, in the He-Fb microplasma no H2  dissociation continuum is present;

21 He2+ or He* can form (H2 )* via reactions R4.18 and R4.19.
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instead there is emission from molecular H2 (Figure 3.4a), which we attribute to radiative 

recombination(Chapter3). From the above, it is concluded that production of excited 

atomic H* (and its emission) in the He-Fb plasma is due to the recombination effect of 

the H2+ via reactions R 4.20 and that the recoil energy of the atoms leads to the observed 

wing broadening.

4.6 Electron Number Density (ne) Calculation

Optical transitions are affected by different line broadening mechanisms depend­

ing on their environment. Perturbation due to ambient charge particle density (electric 

field) gives rise to Stark broadening. In the microplasmas, it is assumed that the perturba­

tion of the atomic levels is predominantly due to the motion of the charged particles 

(electrons). Therefore, Stark broadening can (in principle) provide number density 

measurements. The theory of Stark broadening of atomic H is very well developed and it 

has been extensively used to determine electron number density [39-44], In these ne 

measurements small amounts of atomic H are typically seeded into the plasma flow with­

out significantly altering the plasma properties.

The optical data acquisition for our Stark measurements is done using a high 

resolution 1 m SPEX 1401 spectrometer to minimize the effect of instrumental broaden­

ing. The experimental setup remains the same as shown in Figure 4.1, with the Jarrel-Ash 

monochromator replaced by the 1 m SPEX 1401 monochromator. The best possible 

resolution of this monochromator, A A, is ~ of 0.01 nm. Due to the low emission intensity 

of the Hp line at 486.1 nm, wider slit opening (20 pm) is employed, and the resolution 

reduces to, AA ~0.02 nm for He-H2 microplasma.
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In the He-Hh the atomic H lines at 486.1 nm and 656.1 nm can be used to deter­

mine plasma density from the Stark lineshape profile. The Stark broadening of the 486.1 

nm Hp line has a very weak dependence on the electron temperature but strong depend­

ence on the electron density [44]. The following equation relates the number density to 

the Stark half-width at half-maximum (HWHM) [44]:

AXStark[A°] = 1.740X10-'° (ne[cm3] ) 213 4.1

In addition to Stark broadening, Doppler broadening, natural broadening, reso­

nance broadening, van der Walls broadening, and instrumental broadening are also pre­

sent in the measured atomic lines. The effects of all broadening must be accounted for in 

the Stark profile analysis. Natural line broadening of atomic transitions in the visible 

range is negligible. Resonance broadening of any atomic transition requires the perturb­

ing atom to be the same kind [40], and in the He-H2 microplasma, the H2 flow rates are 

small enough for the resonance broadening to be negligible [45]. Therefore, in addition to 

the Stark broadening the major contributors to the line broadening are Doppler broaden­

ing, van der Walls broadening and instrumental broadening. Mathematical expressions 

employed to obtain the Doppler broadening [44] and the van der Walls broadening [45] 

at half width at half maximum are:

A V , [ ^ ]  =  1-74^ 10' 3? 2 4 2

( T V /10
AAva„ sU o] = 4.09xl0-,322(aR2)2/5 -*■ nHe 4.3

where, Tg is gas temperature, X (4861.1 A ) is the transition wavelength, an is Bohr radius 

in cm, a  (138xa30 cm3) is polarizability of He, R 2(635x a]) (is a parameter determined
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from H ionization energy level and the levels associated with the 4861.1 A transition), ju 

is the reduced mass of the perturber (He), and nHe is the number density of He atom.

The Stark and the van der Walls line profile are both Lorentzian while the in­

strumental broadening is Gaussian [43, 45]. The resulting line shape profile is Voigt pro­

file (convolution). Due to complexity of the deconvolution process, a simple mathemati­

cal expression [46] has been applied to calculate the FWHM of the total Lorentzian line 

shape:

where, c-0.34, AvL is Lorentzian FWHM, and A vCt is the Gaussian FWHM.

Lorentzian line widths add in a simple additive way [32], so that, equations 4.1-

4.4 can be used to find the electron number density.

Table 4.S: Half Widths at Half Maximum in [A°] for Hp line at 4861 A° and calculated electron num­
ber densities.

Plasma Stark van der Walls at 
latm. (1.25 atm.) Instrumental Doppler ne (in m'3)

He-H2 0.15 0.68
(0.88) 0.1 0.04 [2.5+0.5]xl019

([6.3±0,5]xl018)

The contributions of the van der Walls broadening, instrumental broadening, 

Stark broadening and resulting ne are presented in the Table 4.8. Instrumental broadening 

is taken from the provided data by Jobin-Yvon Inc. for the spectrometer employed.

The number density for He microplasma (at latm.) obtained from the Stark 

HWHM is found to be 2.5x1019 m'3 (Table 4.8). This value is ~5 times compared to the 

calculated value (5*1018 m'3) in the earlier chapter (Table 2.4). We judge that the discrep­

ancy arises primarily from the pressure broadening (van der Walls) calculation (the high 

flow rate of gas through the slot of the microplasma device cause the pressure inside the

4.4
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slot to be higher than the 1 atm. used in the van der Walls broadening). Our calculation 

(Table 4.8) also provides electron density calculation at higher pressure (1.25 atm.), the 

calculated electron density22 (~6*1018 m"3) is very close to the calculated value in the ear­

lier chapter (5*1018 m'3) (Table 2.4). In addition, the instrumental broadening may have 

some contribution to the ne calculation. Neglecting the effect of the ions in the broaden­

ing may add second order effects to the line broadening [47]. Along with spatial meas­

urement, a more careful analysis is therefore required with the inclusion of precise in­

strumental broadening and more appropriate calculation of van der Walls broadening.

4.7 Electron Temperature (Te) Calculation

Cunninghum [48] first proposed that the electron temperature (Te) be measured 

from helium singlet and triplet line intensity ratios, utilizing the fact that the cross-section 

for excitation to the excited singlet states and triplet states are very different and are func­

tions of electron energy. This method is valid for a tenuous plasma where direct process 

(DP) is dominant, i.e. all the emitting levels are considered to be excited from the ground 

level via electron impact. Then transition intensity from an upper level/to a lower energy 

level i can be expressed as [49]:

1  f t  =  N 0 n e <  Q f , ( V e ) V e >  h  V  f ,  4 ‘5

where,Qf,(ve) = excitation cross section to level / from level i, ve = electron velocity, 

hVj = energy of the emitted photon, No = population in the level /, and, ne = electron den­

sity.

22 Typically, Stark broadening in the quasi-static (used in this section) approximation is not a good choice 
for electron density calculation for «e<1019 cm 3.
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Similarly for another transition from level k to level i the transition intensity is:

hi = N0ne < Qk,(Ve)Ve >hVki 4.6

Thus, the ratio of the transition intensities yield:

K > h y f  4 7
h ,  < Q t i ( v e ) v e > h v kl

The average values in the numerator and the denominator are ftmction of the elec­

tron velocity (electron temperature). Therefore, the electron temperature can be calcu­

lated from the line intensity ratio for the helium plasma provided that the EEDF is Max­

wellian and transition upper levels are populated by means of direct electron impact 

excitation from same lower levels (in this case from the ground state He (Is 1S)).

In the high density plasma other excitation processes (such as metastable-slow 

electron impact excitation, cascading from upper levels to the emitting levels, self­

absorption, radiative recombination, and collision induced emission) may be comparable 

to direct electron impact excitation from the ground state. In such circumstances the elec­

tron temperature measurement becomes very complicated. It is believed the contributions 

from the metastable-slow electron impact excitation (R4.8) is the most prominent secon­

dary process (SP) in the microplasmas of interest. Therefore, to determine the Cun- 

ninghum method be applied, it is of utmost importance to determine the effect of the me­

tastable-slow electron impact excitation processes in the atmospheric pressure 

microplasmas.

The ratio of the intensity of the triplet (388 nm) to the singlet (706 nm) transition 

is employed as a probe to determine the effect of the SP versus direct electron impact ex­

citation from the ground state [50]. Table 4.9 shows that the observed He-H2 plasma with
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higher H2 concentration can be used to estimate the relative electron temperature as well 

as metastable effects. Clearly He-02 plasma is not a good choice due to higher values of 

the I388/I706 ratio (Table 4.10) that indicate other processes contribute considerably in 

populating the upper states of the He atomic transitions. Interference of the 388 nm line 

with the first negative bands of N2+ prevent us from applying this method for He-N2  mi­

croplasmas.

There are several options in choosing the triplet-singlet transition pairs. Transi­

tion pairs that originate from high-lying states have relatively lower cross sections for the 

secondary processes, and thus usually provide better determination of electron tempera­

ture. In the He microplasmas, transitions from n>5 level are absent and transitions origi­

nating from n—4 levels are very weak in the microplasma. However, n=4 level is consid­

ered as the only choice for the Te calculation because of the smaller secondary effect 

compared to n=3 levels. Therefore, the ratio of the intensities of the transitions originat­

ing from 4p 3P (471 nm) and 4p *P (504 nm) levels are considered for Te calculation. 

Note that there is slight interference from the 1st negative band of N2+ at 471 nm.

The excitation cross section can be written as [49]:

Q i f { e )  =  Q f ( e m) — — - ^ - e x p

where, Qif (sm ) = maximum of cross-section function, s e = electron energy, s m = energy at 

maximum cross-section, and sa = threshold energy.

Averaging the cross section function over a Maxwellian distribution and using 

equation 4.7, yields [49]:
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where a  and fi correspond to 471 nm and 504 nm transitions respectively (in this particu­

lar case).
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Figure 4.11: Simulated intensity ratio (red) and observed intensity ratio for He I lines emitted from 
He-H2 microplasmas. The lower and upper blue lines represent 20 and 10 seem flow rate of H2 in 
with 2 slpm of He. The crossing of the red line and blue line give the respective electron temperature.

The values of the maximum cross-sections and corresponding energies are taken 

from [12]. Threshold energies are for the respective transitions are taken from [6]. Simu­

lated line intensity ratio for different Te (in eV) and the measured ratio of the transitions 

from the optical data are plotted in Figure 4.11. The crossing of the simulated ratio (in
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red) and the measured ratio are the electron temperature (~ 7±3 eV) of the respective mi­

croplasmas. There are large errors associated with the measured intensity ratios (Table 

4.11) due to background errors from weak line intensities and from the interference of 

1st negative band of N2+.

The value of the electron temperature is large as compared to the typical values 

(1-2 eV ) for similar atmospheric pressure plasmas. We judge that this discrepancy pri­

marily arise from the path integrated optical signal. The n—4 to n=2 transitions mostly 

occurs in the negative glow region as it is known that electrons with large Te value exist 

in the negative glow region (in a low pressure hollow cathode He plasma, Gill and Webb 

[51] found electrons in three energy groups (0.5, 5 and 25 eV) in the negative glow re­

gion). Besides, the SP and the collisional deactivation of the excited states in addition to 

poor intensities of the transitions may contribute to this discrepancy. Therefore a more 

rigorous study with the inclusion of the SP, and a spatial measurement is required in de­

termining the Te value more accurately.

Table 4.9: Triplet-singlet line intensity ratios of He-H2 microplasmas (from n=3 to n=2 levels). He 
flow rate is 2 slpm. Intensities are in arbitrary unit.

H2 (seem) 706 nm 
(triplet)

728 nm 
(singlet)

388nm
(triplet)

Ratio
(1706̂ 1728)

Ratio
( I388/I728)

0 84.61 11.66 36.09 7.26 3.10
9 66.79 9.54 26.30 7.01 2.76
18 54.5 7.36 8.30 7.41 1.13
37 52.53 9.13 9.03 5.76 0.99

Table 4.10: Triplet- singlet line intensity ratios of He-02 microplasmas (from n=3 to n=2 levels). He 
flow rate is 2 slpm. Intensities are in arbitrary unit.

0 2 (seem) 706 nm 
(triplet)

728 nm 
(singlet)

388nm
(triplet)

Ratio
(htx/his)

Ratio 
( I388/I728)

0 68.14 9.06 31.4 3.47 7.52
5 62.66 13.02 43.57 3.35 4.81
10 52.11 9.56 34.26 3.58 5.45
20 37.75 5.06 25.6 5.60 7.46

171

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.11: Triplet-single intensity ratio of He-H2 plasma, excited state orbital quantum number, 
n=4. He flow rate is 2 slpm. Intensities are in arbitrary unit.

h2 471 nm (triplet) 504 nm (singlet) Ratio
(I4 7 1 /I5 0 4 )

0 0.79 0.38 2.08
9 0.63 0.32 1.97
18 0.35 0.21 1.66
37 0.34 0.22 1.58

4.8 Conclusion

Optical spectra, 1(A), for 300<1<850 nm, emitted from the hollow slot mi­

croplasma driven by RF (13.56 MHz) and operated in open air are presented in this chap­

ter. The time-averaged optical spectra in the visible region provide a useful tool for at­

mospheric microplasma characterization. In the visible and IR region, most of the intense 

transitions originate from excited atoms. The molecular bands of N2 are also dominate 

part of the visible region.

Both He and Ar microplasmas show changes in atomic emission intensity with 

upstream impurity addition (H2 , N2 or O2). Impurity addition causes changes to both the 

EEDF and metastable populations. These two factors are considered to be the major con­

tributors to the decrease in the atomic emission intensities of the excited rare gas atoms 

observed in our work. In the atmospheric pressure rare gas microplasmas excited ion 

(atomic) emission is either not detectable or very weak which we attribute to charge ex­

change transfer and dimer ion formation. The cathode sputtering in the Ar-H2 mi­

croplasma and the strong wing broadening of the atomic H emission in the He-H2 mi­

croplasma supports the hypothesis that charge transfer mechanism is very effective in the 

atmospheric pressure microplasma.
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Stark measurements are employed to estimate the electron number density (ne) 

calculation. The ne value calculated from Stark broadening is higher (~5 times) compared 

to the calculated values using the modified Child-sheath law. This discrepancy stems 

primarily from the van der Walls broadening calculation. The calculated ne values from 

the optical measurement corresponds to the upper limit while the ne values calculated 

from the electrical measurements corresponds to the lower limit (since in the electrical 

measurement diffusions are not considered).

The electron temperature is calculated for He-H2 microplasmas. The Te value ob­

tained via He line intensity ratio method corresponds to very high value ~7±3 eV. This 

value is uncharacteristic for atmospheric pressure plasmas. The source of these high val­

ues may arise from the change o f the discharge operation from diffuse glow to filamen­

tary plasma or a combination of both. Another source of the discrepancy is the line of 

sight measurement that includes the negative glow region. A more precise model that in­

cludes the effect o f slow electrons as well as collision induced emission along with the 

spatial observation will be helpful to determine the electron temperature more accurately.

Plasma characterization by means o f optical observation in the visible 

range is complementary to UV/VUV measurements. Visible range emission spectroscopy 

provides information regarding microplasma sustaining mechanisms, trend of the EEDF, 

electron temperature, and electron number density.
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Chapter 5

Volume Plasma Generation
5.1 Introduction

Generation o f large volume non-thermal APGD plasmas may enable new applica­

tions in thinfilm processing and treatment o f industrial material surfaces. These industries 

either employ low pressure non-thermal plasmas which require vacuum technology and 

costly maintenance or they do not employ plasmas due to cost issues. Large volume 

APGD plasmas would not only remove costly equipment barrier, but may also provide 

faster processing rates due to higher electron/ion densities, photon fluxes and radical den­

sities. Production o f large volume APGD plasma in the normal glow mode suffers nu­

merous challenges associated with the spatial uniformity and the temporal stability. Until 

now, few successful large volume non-thermal APGD plasma devices have been re­

ported. This chapter focuses on generation o f large volume plasmas using the mi­

croplasma device as the source o f energetic species.

Generation of atmospheric pressure glow plasma generally is limited by the p d  

product (Chapter 1). High pressure,/?, therefore requires smaller electrode separation, d, 

to reach (pd)0pt values. One is to use arrays of microdischarges [1,2], where each micro­

discharge employs micron size d, and the array allows large area coverage. As
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discussed in Chapter 1 these plasma arrays essentially are two dimensional sources. Stark 

and Schoenbach [3] employed a third electrode along with the microhollow cathode dis­

charge to successfully generate volume plasmas but with an upper limit of several cubic 

millimeters in volume. They also employed parallel microhollow discharge arrays along 

with third electrodes. However, since these are arrays of individual microplasma sources 

separated by regions of no plasmas, questions of spatial uniformity arise.

Generation of volume plasmas at atmospheric pressure may become possible with 

suitable choice of device design, power source and gas species. Most of the plasma insta­

bilities originate in the sheath region due to high cathode fall voltage in the sheath. Elec­

trons exit the sheath with high kinetic energy, and hence can cause an avalanche of elec­

trons in the bulk plasma, which may lead to arc instability, the most prominent instability 

associated with glow discharges. Creating multiple sheaths (primary and secondary) and 

separating the primary sheath from the operating region can help stabilize the plasma op­

eration. It is more probable to attain stable operation using RF or pulsed sources (or com­

bination of these two) in comparison to the DC operation. This is because, for pulsed or RF 

excitation the loss balance is more stable since electrons gain their maximum energy for a 

short period of time (and in the remaining times electrons are unable to ionize atoms or 

molecules). Judicious choice of gas composition may also help to sustain stable non equi­

librium APGD volume plasmas. All these factors are considered while generating the large 

area atmospheric pressure volume plasma described below.

5.2 Experimental

Figure 5.1 shows the cross section of the CSU designed device employed for vol­

ume plasma generation at atmospheric pressure. The plasma length is perpendicular to
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the plane of the paper and may extend for ten's of centimeters. The hollow slot mi­

croplasma device located below in the bottom of the Figure 5.1 is used as the primary

Cu (third) electrode
Volume Plasm

Plexi Glass

RF

Hollow slot mi- 
^croplasma de­

vice

RFMicroplasma

Gas Flow

Figure 5.1: Schematic of volume plasma device. A Cu electrode is added on top of the microplasma 
device of Figure 3.1a. The upper electrode is powered with RF. All the electrodes are water cooled. 
The rare gas enters the volume plasma region through the slot of the microplasma device.

source in the upper region of Figure 5.1. The same hollow slot microplasma device (Fig. 

3.1) [4, 5] with an electrode separation, di (-100 pm), is used as the primary source of the 

energetic species. The upper (third) electrode is separated from the top surface of the 

grounded (slotted) electrodes by a distance, The upper electrode can be moved verti­

cally up and down and thus the volume of the plasma can be minimized to facilitate gas 

breakdown (shorter gap requires lower breakdown voltage) and then enlarged for volu­

metric operation. Depending on the rare gas and rare gas-impurity combination, the sepa­

ration, d2, can be varied up to 1 cm in the vertical direction whereas the plasma length (/ 

-  6  cm, into page) and width (w -  2 cm,) remain fixed. There is an enclosure (plexiglass) 

around the top electrode and plasma volume. The purpose of this enclosure is to mini­

mize mixing of ambient gases with the rare gas that enters the volume plasma
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region through the slotted electrodes. The enclosure has two square holes on either side 

of the plasma (for optical diagnostics) thus allowing some ambient air to mix into the 

plasma. The maximum volume plasma maximum volume of plasma generated in this
-5

configurations is ~ 1 2  cm (2 cm x 1 cm x 6 cm).

The rare gas in the volume plasma region enters through the exit port of the slot 

microplasma device, i.e., through the slot of the grounded electrodes. Depending on the 

separation, cfe, and the gas mixture, the volume plasma can be generated with or without 

the assistance of the lower hollow slot microplasmas. The hollow slot microplasma de­

vice is driven by 13.56 MHz RF generator, and is used as the primary source of excited 

species. Note that the existence of the plume plasma (Chapter 3) beyond the top surface 

of the slot shaped grounded electrode which confirms the presence of energetic species in 

the volume plasma region from the primary source (hollow slot microplasma device). Af­

ter igniting the plasma in the hollow slot microplasma device, the upper electrode is 

driven by either 13.56 MHz or 60 MHz RF excitation and sustains the volume plasma. 

After stabilizing the volume plasma, the volume of the plasma covers the whole electrode 

region.

The optical and electrical data provided in this chapter is for a proof of principle 

slot-third electrode separation of d  ~ 4 mm. The electrical data are collected by an AE Z- 

scan probe, whereas the optical data are collected by the scanning monochromator used 

for visible emission spectra. In this case, the optical emission from the volume plasmas is 

collected along the plasma length (whereas the emission spectra of the slot discharge 

were collected in the direction perpendicular to the plasma length). The optical data re­

corded for volume plasmas do not include absolute calibration either. The optical data 

covered the spectral range of 300 nm to 900 nm.
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Figure 5.2: 1-V curves of He-N2 volume plasmas before (linear voltage) and after gas breakdown (no. 
The gas breakdown occurs approximately at 350 Volts. The glow operations is observed for a current 
regime of ~ 0.6 to 0.85 Ampere. The flow rate of He is 5 slpm and the flow rate of N2 are 0 seem 
(black), 5 seem (green), 10 seem (red) and 20 seem (blue).
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Figure 5.3:1-V curves of He-N2 volume plasmas after gas breakdown. The flow rate of He is 5 slpm 
and the flow rate of N2 are 0 seem (black), 5 seem (green), 10 seem (red) and 20 seem (blue).

5.3 Results and Discussion

5.3.1 Electrical

It is observed that ignition of the Ar volume plasma is difficult for 13.56 MHz ex­

citation without the assistance of the lower secondary source of preionization (i.e. without
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the microplasma source). In the similar condition the 60 MHz RF generator is easily able 

to generate Ar volume plasma, although it requires high power (~800 W) and the plasma 

immediately transforms into arc mode. Addition of small amount of N2 suppresses the arc 

and the normal glow operation can be achieved.

Ignition of the argon volume plasma becomes easier (requires much less power) 

with an RF source sustaining the lower hollow slot microplasma which provides preioni­

zation. The 13.56 MHz RF source is employed to sustain the microplasma and hence acts 

as a source of energetic species. In Chapter 3, evidence of energetic species beyond the 

top surface of the slotted electrodes is depicted. These energetic species help the gas 

breakdown and help sustaining the Ar volume plasma while the upper electrode is driven 

by either the 13.56 MHz or 60 MHz RF source.

The helium volume plasma can be ignited and sustained with only 13.56 MHz RF 

source as the only excitation of the upper electrode (i.e. without introducing the slot 

plasma). In contrast the 60 MHz cannot ignite the He volume plasma without first turning 

on the lower microplasma source. This preliminary behavior is opposite to the Ar volume 

plasma, and may arise from the matching networks employed, since the matching net­

works used for upper electrode are the matching networks designed for the microplasmas 

and not optimized for the volume plasmas driven by 13.56 MHz and 60 MHz respec­

tively.

Plasma ignition becomes easier with the aid of the lower microplasma source 

preionization for both Ar and He volume plasma. Once the volume plasma is ignited, the 

microplasma device does not contribute significantly and can be turned off without inter­

rupting the volume plasma. We believe the effect of the microplasma is not pronounced
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in this case because the channel through which energetic species come into the volume 

plasma is very small compared to the width, w, of the volume plasma.

Typical breakdown voltage for He plasma is about 350 Volts for 13.56 MHz op­

eration where as the Ar volume plasma requires as much as 550 Volts. It is observed that 

the addition of N2 into the He flow requires higher voltage to sustain the plasma. The sta­

ble operating regime requires -300 Volts for the He volume plasma. The operating re­

gime for He plasma lies between 0.6 to 0.85 A, i.e. the current density ranges from 50 

mA/cm2 to 70 mA/cm2. For current density higher than 70 mA/cm2 the discharge tends 

to an arc discharge.

8  0 .6 -

575 600 625 650 675 700 725 750 775 800
Wavelength (nm)

Figure 5.4: Emission spectra (575-800 nm) from He column plasma using 13.56 MHz RF. The flow 
rate of He is 2 slpm. Atomic He I and O I transitions are clearly visible.

5.3.2 Optical

At low gas pressure or high discharge current the volume plasma changes to a 

constricted plasma. At high discharge current, constricted plasma is narrow and luminous 

with a less bright plasma around the sharp and intense region. The diameter of the bright
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channel is less than a millimeter. The spatial position of this luminous plasma continu­

ously shifts and does not allow reliable recording of the optical emission. Further the 

moving constricted plasma results in electrode surface damage. This behavior is very 

consistent with arc mode.
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Figure 5.5: Emission spectra from He volume plasma using 13.56 MHz RF source in the 575-800 nm 
spectral range. The flow rate of He is 2 slpm and the flow rate. Observed N2 second positive bands, 
N2+ 1st negative band and OH(A-X) emission band are due to second order diffraction from the 
monochromator grating. Strong and clean OH rotational transitions are observed.

At low pressure, the plasma also constricts into a luminous column. The luminous 

column in this particular case is larger in diameter (several millimeters) and does not 

change position with time thus allowing the acquisition of emission spectra. Figure 5.4 

shows the optical emission spectra of the helium column plasma in the spectral range 575 

- 800 nm.

The volume of the plasma can be increased by moving the electrodes apart. Gen­

eration of larger volumes is easier in the He plasma than Ar plasma. The Ar plasma is 

more prone to switch to arc mode. With the increase in the separation, d2, the optical
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intensity of the volume plasma decreases considerably. In the He plasma the excited 

atomic He I emission transitions are weak compared to the column plasma (except for the 

triplet 3s-2p transition at 706.5 nm). Compared to the column plasma, in the volume 

plasma the 587.8 nm and 667.8 nm transition are much weaker, whereas the difference in 

intensity for the 728.1 nm transition is less (Figure 5.4 and 5.5). We believe this behavior 

is due to self absorption. The Einstein A coefficients for the 667.8, 587.8 nm, 728.1 nm 

and 706.5 nm transitions are 0.638, 0.529, 0.181 and 0.154 (in 108 sec'1) respectively 

[6 ]. Due to long plasma length, transitions with high Einstein A coefficients (587.8 nm 

and 728.1 nm) suffer most in intensities due to self absorption. The atomic emissions 

from excited He I is suppressed when small amount of N2 is added into the He volume 

plasma, which may be due to either self absorption or reduction of slow electron- 

metastable impact excitation reaction mechanism. The latter may arise due to metastable 

quenching or the loss of slow electrons (<3 eV) via inelastic loss with N2 .

Figure 5.6: Emission spectra from He-N2 volume plasma using 60 MHz RF source in the spectral 
range 575-800 nm. The flow rate of He is 5 slpm and the flow rate of N2 is 20 seem. Observed OH (A- 
X) emission and few 2nd positive bands of N2 (C-B) transitions are labeled (these transitions are the 
second order effect). No strong atomic emissions are observed.
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Figure 5.7: Argon volume plasma in the wavelength range 325-390 nm. A 13.56 MHz RF source is 
used in the upper electrode.
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Figure 5.8: Emission spectra from He-N2 volume plasma in the 612-624 nm spectral range. The flow 
rate of He is 5 slpm and the flow rate of N2 is 20 seem. Observed OH(A-X) emission band is due to 
second order diffraction from the monochromator grating. Strong and clean OH rotational transi­
tions are observed.

In the Ar-N2 volume plasma, all atomic Ar I transitions which are observed in the 

microplasmas are also detected in the visible and in the infra-red region. Strong emission
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from the NH (A-X) at 336 nm can be observed while the emission from this band is 

weaker for the He-N2 volume plasma. In the He volume plasma the OH emission band 

(Figure 5.5 and 5.8) is much stronger compared to the hollow slot microplasma emission 

spectra. The existence of these radicals can be of major importance for certain plasma 

processing applications.

5.4 Conclusion

Volume plasma generation at atmospheric pressure using two tandem sources has 

been attempted, studied and explained. Brief descriptions of electrical and optical charac­

teristics are provided. It is observed that the volume plasma is stable only over a small RF 

current range. In the Ar volume plasma, addition of small amount of N2 is observed to 

stabilize the glow plasma. In the future, other impurities can be examined to sustain lar­

ger volume plasmas without causing arc transitions. Strong emissions from N2 , N2+, OH 

and NH are observed in the volume plasmas. The radicals OH and NH are important for 

certain plasma processing applications. Future work on the volume plasmas will address 

several issues. Better matching networks which can be varied over wide ranges are re­

quired to improve the generation and sustainment of the volume plasma. Since the spec­

troscopy along the length of the plasma suffers from self absorption future spectra can be 

obtained perpendicular to the plasma length, /, that is in the YZ plane (Figure 5.1). Also 

spatially resolved spectroscopy can be performed. Finally, important plasma parameters, 

such as electron density, electron temperature, gas temperature, may be found using ex­

ternal probes (electrical and optical measurements).
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Chapter 6

Conclusion and Future Work
6.1 Conclusion and Future Work

This thesis presents electrical and optical measurements of RF driven 

microplasmas to characterize their electrical, optical and chemical properties. This device 

requires RF excitation field and employs flowing inert gas (Ar or He) as the active 

plasma medium. The microhollow discharge device operates in the in the open air and in 

the normal glow mode at relatively high current density (j ~ 0.7 A/cm ) and generates en­

ergetic species (N, NO, OH, NH etc.) that can be used in a variety applications. The lin­

ear dimension of the microplasma is extended up to ~35 cm and therefore can treat large 

surface area in the push broom geometry. In addition, this device can be used as an exter­

nal source for volume plasma breakdown at atmospheric pressure.

Electrical measurements provide information of both the plasma sheath imped­

ance and bulk plasma properties of the glow region. It is experimentally verified that the 

non-linear effects in the plasma sheath are not prominent. Harmonic measurements (at 

constant power) show that the current and voltage waveform distortions are small. Since 

other electrical measurements are collected at varying delivered power, more detailed 

harmonic measurements at different powers are needed to provide more detailed
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information on nonlinear plasma sheath behavior. The characteristic V-I curves of the RF 

driven (13.56 and 27.12 MHz) microplasmas resemble those of low pressure DC plas­

mas. At 60 MHz, the behavior of both the sheath and bulk plasma is different as com­

pared to the 13.56 and 27.12 MHz excitation. This behavior originates from the lack of a 

DC sheath due to a different choice for a matching network. In future work, matching 

networks with the same configurations will be employed to better investigate the differ­

ence in the discharge behavior at different frequencies. In addition, a DC probe and stark 

splitting spectroscopy will be employed to determine contributions from the DC sheath. 

Using the modified high sheath voltage Child law (Liebermann-Godyak) and the resis­

tance and capacitance values electron density of the plasmas are calculated. The calcu-
j o  o

lated electron densities are in the order of 5x10 m' .

Absolute optical emission spectra in the 110-400 nm region from RF driven 

(13.56 MHz and 60 MHZ) hollow slot microplasmas are presented. Optical emission 

spectra are divided into two classes, UV/VUV emission spectra and visible emission 

spectra. Measurements are time averaged and path integrated. In the UV/VUV region, 

atomic emissions from H I, O I and N I are observed mainly in the 110-200 nm region. 

This region also contains 2nd and 3rd continuum emission from Ar dimers in Ar mi­

croplasmas and H2(B-X) emission in the He-H2 microplasmas. At higher power, sputter­

ing from the Cu electrode is observed . Emission from NO(y) bands is dominant in the 

200-300 nm region. Molecular emissions dominate the 300-400 nm region. Strong 2nd 

positive bands of N2 along with relatively weak OH(A-X) and NH(A-X) bands are ob­

served from Ar and He microplasma with different admixtures of N2 and H2 . It is argued 

that the N2(A) metastable state is a precursor to many atomic and molecular transitions.
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Evidence of sputtering and strong resonance transition from Cu I cathode is observed in 

the Ar-H2 microplasma. We attribute the sputtering to the formation of ArH+ in the 

plasma. In the He microplasmas strong emission from the 1st negative band (N2+(B-X)) is 

observed. Excited N2+ ions are due to Penning ionization of N2(X) by He (2s 3S) metasta­

ble state.

The 2nd positive band of N2 (0-0) at 337 nm is employed to determine the rota­

tional and gas temperature. The Boltzmann fitting estimation of the gas temperature is 

650 +/- 100 K. This value corresponds to the upper limit of the gas temperature due to the 

NH(A-X) contribution (NH(0-0) band increases the width of the N2 (0-0) band). Com­

parison of a theoretical simulation to the observed N2+ vibrational emission (by peak in­

tensity ratio method) shows that the gas temperature is -500 +/- 100 K.

We also have presented vibrational temperature measurements (from N2 and N2+) 

based on Boltzmann fitting (SpecAir simulation code) and a peak intensity ratio method. 

All these measurements provide approximately the same vibrational temperature: 

4600 ± 200K. The large difference between the gas temperature and the vibrational tem­

perature indicates that the microplasmas are indeed non-equilibrium. The vibrational 

temperature estimation of N2+ employing the Boltzmann analysis (SpecAir simulation) 

shows that the vibrational bands of N2+(B) state are very strongly perturbed by other 

states (possibly by N2+(A)).

The emission spectra of 60 MHz driven hollow slot microplasma show different, 

7(/L), spectra as compared to 13.56 MHz excitation. Most notably, stronger atomic emis­

sions are observed in the VUV range and intensities of the 2nd positive bands of molecu­

lar nitrogen are increased. Both suggest an increase in the mean electron energy, Te. On
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the other hand emission from the N2+(B-X) transitions are observed to decrease. Since the 

upper state of this transition is primarily populated by Penning ionization, we conclude 

that the He (2s 3 S) metastables are quenched (stepwise excitation/ionization) by the ener­

getic electrons more effectively at high frequency (60 MHz) operation due to an increase 

in mean electron energy.

Visible emission spectra, 1(A), provide information on the electron energy distri­

bution function (EEDF). The spectra show that the effect of slow electrons is more pro­

nounced in the He-H2 microplasma compared to the He-N2 microplasma. Stark measure­

ments are performed to attain additional information in the electron number density. The

10 1calculated electron density from the optical spectra is (2.5x10 m' ) (±20%), greater than 

the calculated density using the electrical measurements (5x1018 m"3). This discrepancy 

is likely due to gas pressure inside the slot is higher than the atmospheric pressure thus 

the measured collisional broadening contributions may be higher than anticipated. In fu­

ture we will perform spatial measurement as well as polarization dependent Stark meas­

urement. The latter one will provide the information of the electric field in the sheath re­

gion as well as in the bulk plasma region.

The electron temperature of He microplasma is determined using the line intensity 

ratio method suggested by Cunninghum. The method provides only a rough estimation 

since it does not include secondary effects (e.g. slow electron-metastable effects). The 

calculated value (7±3 eV) is very high compared to the typical values (1-2 eV) of APGD 

microplasmas. This large error bar stems primarily from the non-inclusion of the colli­

sional quenching of the excited states and due to poor intensity and interference from 

background of the transitions considered. In addition, the discrepancy may be the result
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of the line of sight measurement that includes the negative glow region where the 

electrons are very highly energetic. The transitions considered originates from n=4 level, 

and it is possible that these high lying states are excited only in the negative glow region 

so that the experimental result and simulated value of the electron temperature provides 

the negative glow electron temperature. In future work spatial measurements will be per­

formed to determine the electron temperature more precisely. Since the N2(C) state has a 

very short radiative life time, the spatial emission spectra of N2 (C-B) can provide impor­

tant information about both spatial and temporal variation of the EEDF. A possible 

method of determining the electron temperature for Ar microplasmas is to probe the 

(weak) Ar II transitions.

Figure 6.1: RF source and ground connections are reversed (compared to Figure 2.1 b). Electrons 
generated in the active region will exit through the slot. Red dot exhibits the nature of the electron 
when traversing the slot region. Due to sheath at each wall, electrons will show considerable pendu­
lum effect, i.e. electrons will gain energy from the sheath. Increased electron energy will generate 
more bulk electrons in the slotted region and thus the plasma should require less sustaining. Another 
potential advantage is that more energetic species will be available in the plume plasma.

Volume plasma generation using the microplasma device as the source (cathode) 

for energetic species is also presented. It is found that for large separation of the volume 

electrode (third electrode), the microplasma device helps gas breakdown but does not

Energetic electron

©— —©
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have any significant effect in sustaining the volume plasmas. Arc suppression of Ar vol­

ume plasma can be achieved by adding small amount of N2 in the feed gas. Thus judi­

cious choice of gas may help in better sustaining large volume plasmas. In the future, we 

will investigate introducing low ionization potential molecular gases into the He volume 

plasma to sustain larger volume plasmas.

Finally we suggest an alternative plasma source design for possible future inves­

tigation (Figure 6.1). The new design will be closer to conventional hollow cathode dis­

charge. Energetic electrons will swing between the slotted electrodes since the self-bias 

DC sheath will be formed inside the slot as well as on the surface. Due to the Pendel ef­

fect, the device will be more efficient. In addition, its range of operation may be extended 

lfom low to high temperature operation. Hollow cathode discharges are already used in 

many (low pressure) applications such as spectral lamps [1 , 2 ], plasma switches [1 ], 

lasers [2, 3], plasma conatctors in space crafts [1], plasma jets etc [1]. Because the pro­

posed hollow electrode microdischarge operation resembles effective of hollow cath­

ode/anode mode operation, this device may function well in similar applications.
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APPENDIX

Appendix A

Rotational transition between two electronic states can be expressed as [1]: 

v = v0 + F \ J ' ) - F " { J " )  Al

where, v0 is called as the zero line or the position of the band head, J  is rotational angular 

momentum quantum number (single prime and double prime correspond to upper elec­

tronic state and lower electronic state respectively), and F(J) is known as rotational term 

value and expressed as:

F(J) = Bv (J )(J  +1) + A\ A - B V) - D V (./)(./ + 1) 2 +.... A2

Since the second term in the right side does not depend on the rotational levels, 

assimilating its effect in v0, the position of a rotational transition can be written as:

v = v0 + BVJ  (J  +1) -  DVJ  (J  + 1) 2 -  B]J (J  +1) + DVJ  (J" + 1) 2 A3

where,

e , = E r , , ( v + i / 2 y A4
i=0...

Yy are known as Dunham expansion coefficients and v is the vibrational level.

Depending on the rotational levels, rotational transitions are divided into three 

categories, P , Q and R branch 

AJ=-1; P branch 

AJ=0; Q branch 

AJ=1; R branch
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Therefore, for a P branch transition, position of a rotational transition is given by:

v = v0 + F ' ( J - \ ) - F \ J ) A5

v = v0 + BVJ (J  -1) -  DVJ (J  - 1) 2 -  B J ( J  +1) + DVJ(J  +1) 2 A6

The 0-0 and 2-1 vibrational bands of N2+(B-X) transitions predominantly are 

formed by the P branches, the spacing of the rotational transitions can be determined us­

ing equation A4 along with the tabulated values of the constants (Table Al and A2). The 

slit function (Appendix B) determines the number of rotational levels contributing to the 

vibrational band. Due to different values for the constants, the number of rotational levels 

contributing to the 2 - 1  vibrational band is more compared to the 0 - 0  vibrational band.

Intensity of any J h rotational line (P branch) is given by:

AvV, exp
he G(v')
k T,

V J

a j S j  exp f  he}
V k  J

F v \ J - 1) P(J) A7

where, h, c and k have their usual meaning. Tr and Tv are rotational temperature and vi­

brational temperature respectively. K is a constant and independent of the transitions con­

sidered here. Av’v" is band Einstein A coefficient. G(n') can be expressed as

G .= Z l '„ ( v  + l/2 )' A8

1= 1 ..

The even and odd rotational transition intensities of the P branches of the homo- 

nuclear molecule, N2+, with nuclear spin 1=1, alternate in intensity with even and odd J  

values such that

a J  I even = 2 ;

a  I = 1I odd 1

and the line strength is given by:
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Ratio of the intensities of the two N2+ (B-X) vibrational bands (2-1) and (0-0) is 

used to determine the vibrational temperature. Values of the constants are given in Table.

Jp A 121 21 exp
( he G (2)-G (0) j

p
2-1

'  he'

s  k )

F2 ( J - 1)

T r

Jp A1 00 ^ 0 0 {  k T v J
J^SLma pS pPw(J)exp
0 -0

~f he'  
V k  j

i 
...

i

ib?

Table Al: Spectroscopic constants for N2+(B-X) 0-0 and 2-1 vibrational transitions [2,3].

Band
(v'-vM)

T v \ "

(cm'1)
B v <

(cm'1)
B y "

(cm'1)
1 O'5 D y ’ 

(cm'1)
1 O'5 D y "

(cm 1)
Av'v"

(xl0 7s'1)
0 - 0 25566.07 2.0746 1.9233 6.330 5.940 1.214
2 - 1 28081.92 2.0275 1.9033 6.890 5.979 0.861

Table A2: Spectroscopic constants for N2+(B-X) 0-0 and 2-1 vibrational transitions [2,3].

N2+(X) N2+(B)
Y10 2207.22 2421.14
y 20 -16.226 -24.07
y 30 4*10'J -0.3
y 40 -6 .1 *1 0 ' 3 -0.0667
y 50 3.9*1 O' 4

y 60 -1.4*10 ̂
y 70 2 .0 *1 0 ' /

Yoi 1.93171 2.08507
Y„ -0.018816 -0 . 0 2 1 2

Y2i -6.77* 10' 5 1 * ©

Y3i -2.32*1 O' 5 -8.8*1 O' 3
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Appendix B
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Figure Bl: Experimental slit function used for vibrational temperature measurement (Chapter 3). 
The fitted trapezoid has a base width of 8.9 A and top width of 4.9 A.

Appendix C
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Figure Cl: Measured FWHM of a He-Ne laser line at 632.8 nm for different slit openings (both en­
trance and exit slit have the same slit openings).
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Appendix D

The intensity trends of the 587 nm triplet emission is the best example (Figure 

4.4) of slow electron-metastable interaction. This particular transition has several proc­

esses acting on populating its upper state as well as the lower state. Intensities of the 587 

nm optical transition dropped sharply with a small amount of N2 (5sccm) addition and 

continued to decrease with increased nitrogen addition (10 seem and 20 seem). The 

2p 3P°-3d 3D (587 nm) transition experiences the largest decrease in intensity in compari­

son to the other helium atomic transitions. The maximum of the electron impact excita­

tion cross-section from the triplet metastable state to the upper energy level of the 587 nm 

transition is an order of magnitude higher compared to the cross-sections of other transi­

tions that are excited via same process [4], The lower level (2p 3P°) of the 587 nm transi-

'y'xtion is the most populated excited (He) atomic state (besides the metastable states) and 

can contribute significantly in populating the upper state of the 587 nm transition via re­

action R4.5. In addition to the metastable slow electron effect (R4.6), slow electron im­

pact from the lower energy level (2p 3P° ) of the 587 nm transition is affected from the 

decrease in the high energy tail of the EEDF. The intensity of the 587 nm transition does 

not decrease by an order of magnitude as compared to the other He I transitions. The ob­

served reduction in the intensity is judged due to both reduction of the high energy tail of 

the EEDF and the quenching of metastables, where the latter is less dominant because of 

efficient metastable (He (2s 3S)) quenching by impurity N2 .

Apart from the slow electron impact, non-radiative recombination of He2+ can 

also populate the 3d 3D state (upper state of the 587 nm emission transition). Formation

23 The 2p 3P° level has large electron impact excitation cross-sections (from ground stated and from triplet 
metastable state).
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of He2+ requires an energy of -23.1 eV [5]. Even though He2+ has well separated vibra­

tional levels, it may undergo dissociative recombination upon capturing a slow electron 

which favors formation of 3d 3D state of atomic helium [6 ]. Quenching of metastables 

and decrease in the high energy tail of the EEDF hinders formation of He2+ and hence the 

3d 3D population. Since a large portion of the ionization required to sustain the discharge 

is supplied by the added impurities (impurities with lower ionization energy), this causes 

a decrease in the helium metastable densities and ion densities and hence the dimer ions. 

Reduction of dimer ions consequently reduces the 3d 3D population and hence intensity 

of the 587 nm transition. If the upper state is populated via dimer ions, the 587 nm transi­

tion should show some wing broadening from recoil motion. The recoil energy, if shared 

by both the atoms equally, is approximately 1 eV for each (binding energy of the He2+ 

minus the energy of the excited atom, which is approximately 2 eV [7, 8 ]). No such 

broadening is clearly observed. This mechanism may be an added effect to the slow elec- 

tron-metastable induced secondary process.

Appendix E

The ratio of the intensity of the triplet (388 nm) to the singlet (706 nm) transition 

is employed as a probe to determine the effect of the SP versus direct electron impact ex­

citation from the ground state [9], Interference of the 388 nm line with the first negative 

bands of N2+ prevent us from applying this method for He-N2 microplasmas. If the inten­

sity ratio I388/I706 the ratio lies between 1 and 2  when direct electron impact excitation 

from the ground state dominates. On the other hand, if the triplet metastable contribution 

(SP) is large in populating 3p 3P state, the ratio lies between 13 and 20 [9]. Table 4.9 &
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4.10 shows the intensity ratio I38 8/I7 0 6 for different H2  and O2 concentration in He-H2 and 

He- 0 2  microplasmas.

This is possible because the 388 nm transition is a very strong function of the SP. 

In this section the effect of the SP to that of the higher excited levels of He in He-H2 and 

He- 0 2  from the metastables are discussed in terms of the line intensity ratio method men­

tioned above. The 388 nm triplet transition has the strongest dependence on the metasta­

ble states in the spectral region of our interest. We show (next paragraph) that the He-02 

is not compatible for determining electron temperature (Te) and only He microplasmas 

with higher H2 concentration (10 and 20 seem) are therefore considered for Te calcula­

tion.

The ratio of 706 nm to 388 nm line intensities is a measure of the effect of the me­

tastables in populating upper excited levels via slow electron impact excitation (SP proc- 

ess). Metastables have the largest effect via SP to the n=3 levels, in particular, the 3 P 

state. The ground state is a singlet state, and triplet-singlet transitions are forbidden by the 

spin parity selection rule. No resonance transition to the ground state is allowed from the 

triplet states. The triplet n=2 level (He (2 3S)) acts as the virtual ground to the triplet tran- 

sitions. In addition, direct electron impact excitation to this level (2 S) has a larger 

cross-section compared to the singlet metastable state (reproduced cross-sections are

T * •shown in Figure El and Figure E2 [10]), thus He 2 S has much higher population den­

sity in the plasma. It can be inferred that the triplet emission transition from the 3 3P to 2
o • * 1S (388 nm) intensity will be very large compared to the singlet emission transition 3s S 

to 2p ' P if the SP process dominates. On the contrary, if the effect of SP is small, the ra­

tio of the intensity of these lines (I388/I706) should be roughly equal to the ratio of their
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respective electron impact excitation cross-sections from the ground state. The maximum 

of the direct electron impact excitation cross-sections for 3s 'S and 3p 3P from the ground

I S O  I S 0state are approximately 4X10 cm and 8X10 cm respectively (reproduced cross- 

sections from ref. [10] are provided in Appendix D), i.e. the ratio is ~2. Table 4.9: Trip­

let- singlet line intensity ratios of He-Hh microplasmas (from n=3 to n=2 levels). He flow 

rate is 2  slpm.

The decrease in the ratio of the intensities clearly indicates that the secondary ef­

fect of triplet metastables in populating the 3p 3P level decreases with increasing H2 con­

centration. This observation agrees with earlier statement that the metastables are 

quenched with increasing H2 concentration (4.3.1). In the He- 0 2  plasma, the ratio de­

creases as O2 is added (5 seem) and then increases with higher O2 concentration (10 and 

20 seem). This behavior can not be attributed to the destruction of metastable states by 

O2 , but suggests a competing process due to attachment process owing to high electron 

affinity of oxygen. Oxygen is highly electronegative gas, and addition of O2 in the dis­

charge generates atomic O by dissociation which requires 5.08 eV [11]. Oxygen atoms 

capture slow electrons, thereby reducing the secondary effect that in turn causes the ratio 

of the intensities (I388/I706) to decrease (reduced slow electron density reduces secondary 

effect). Consequently the discharge requires to increase the electron temperature (i.e. 

electric field) in order to sustain the microplasma. This effect increases the intensities of 

all helium atomic transitions due to increased direct impact excitation from the ground 

state (and thus increases intensity ration I388/I70 6)- Therefore, this is a competing process 

where secondary process dominates marginally over direct electron impact excitation 

from the ground state at low O2 partial pressure (Table 4.10). Increased O2 concentration
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(10 seem and 20 seem) shows that the ratio I3 8 8/I706 increases, thus indicating the SP 

dominates over the direct electron impact excitation from the ground state (Table 4.10).
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Figure El: Electron impact excitation cross section from the ground state helium to the triplet ex­
cited states for n=2,3 and 4 (subset shows the cross-section for n=2 level) [10].
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Figure E2: Electron impact excitation cross section from the ground state helium to the singlet ex­
cited states for n=3,4 and 5 [10].
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