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ABSTRACT

Emission spectroscopy was employed to observe O, plasma generated by
anAC discharge at pressuresfrom 0.15to 0.5 Torr. The emission bandsand
lines show linear dependence over the entire pressure range. Electron tem-
perature measurements were performed using a double Langmuir probe.
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Measured electron temperature was found to be inversely proportional to
pressure. Within the plasma conditions under consideration, 02, O,*, O, and
O* play a dominant role in the pulsed plasma process within the spectral
range of (200-800 nm), and the importance of these components vary little
under the conditions of the plasma studied in thiswork. |dentification of the

vibrational levels of the B33, excited state indicates that predissociation

through a repulsive states coupling with the B33 state may be respon.
sible for the depletion of upper vibrational levels of this state.
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1.INTRODUCTION

Low-pressure plasmadischargesin el ectronega-
tive gasesarewidely used in modern plasmatechnol-
ogy, primarily in microd ectronicsasreactorsof plasma
chemicd etchingand deposition of thinfilms. Thedabo-
ration of electronic components and structures of
submicronicand smdler scaerequirescreationof highly
effective, well controlled plasmareactorswhich cannot
be created without acomplete knowledge of the pro-
cesses and phenomena taking place in them. It pro-
vides greater interest to researchers of both plasma

chemicd reactionsand el ectrodynamicsin el ectrone-
gativegases. Thedischarged ectrodynamicsoftenturns
out to be strongly connected with processeswithinthe
plasma. Substantial improvementsof different charac-
teristics of plasma-activated reactors have been
achieved™8, Varying power input and other character-
isticsof apulsed dischargemode dlowsoneto control
rather easily thedifferent plasmaparameters.
Low-pressure plasmas have been studied in ana-
lytical spectroscopy asan excitation sourcefor emis-
sion spectroscopyt®Y, with theadvantage of less spec-
trd interference. Astheionization and excitation of spe-
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ciesheavier than electronisrelated to el ectron colli-
sions, theelectron temperature (T ) that representsthe
kinetic energy distribution of freeelectronsand theion
density (n), arethe most important fundamental pa-
rametersfor characterization of the plasmadischarge.
Within the pressurerange of thiswork (lessthan 0.5
Torr), the collisona frequencies between ectronsand
atomic and molecular speciesislow, thereforelocal
thermo dynamica equilibrium cannot beachieved. Con-
sequently, e ectrontemperatureshigher than that of the
heavier speciesareacharacteristic that isobserved. As
aresult, theelectron temperature (T ), and ion density
(n) areessential parametersfor the understanding of
plasmaparameters.

Inthisarticle, wereport measurements madefor
electron temperature, and ion density inan AC pulsed
Oxygen plasmaemploying doubleLangmuir probeand
emission spectroscopy. The dependencies of these
guantities on gas pressure and input power are pre-
sented and discussed.

2.EXPERIMENTAL

Theexperimenta gpparatusand techniqueto gen-
eratethe pulsed plasmawasrecently reported*213, A
brief descriptionisreported here. Thesystem consists
of two stainless sted! circular planeelectrodes, 1 mm
thick and 50 mmin diameter. Theelectrodesare posi-
tioned at the center of the reaction chamber with 25
mm gap spacing. The gaswasintroduced into thereac-
tion chamber through the upper flange. The samegas
connection was used for the pressure sensor (MKS,
Type 270 signal conditioner and 690A11TRC MK S
Baratron). AnAC, 60 Hz dischargeswas used to gen-
eratetheplasmain O, gas. Ultrapure O, gases (Praxar
99.99%) were used in the course of the measurements.
A guartzwindow wasingtdled ontheright laterd flange
through which glow discharges were monitored by
plasmaemission spectroscopy. Infront of thisquartz
window, a200 mmof foca distance quartzlens(diam-
eter of 25.4 mm) was positioned and the plasmaemis-
sionwasfocused and collected through an optical fiber
(Solarization-resistant UV and fiber diameter size of
400 um) that was connected to the entrance aperture
of amoderate-resolution Ocean OpticsInc. spectrom-
eter Model HR2000CG-UV-NIR which has a spec-
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tral range of 200 to 1100 nm, equipped with a 300
lines-mm' composite blazegrating and aUV 2/OFLV-
5 detector (2048-element linear silicon CCD array).
Thegrating response hasaspectraresponseintherange
of 300-1100 nmwith efficiency > 30 %. Theinlet and
outlet ditswere5 um wide. Thedatawereobtainedin
asingleaccumulation of 10 sintegration times, which
correspondsto 600 timesthat of the period of the pulsed
voltage. Thewavel ength scaninterva wasof 0.47 nm.
Thelensand fiber opticsassembly were positioned to
collect theemitted light appearing on themonomer sur-
faceand plasma. The pulsed plasmawas produced in
O, gasenvironment at pressures between 0.15 and 0.50
Torr. Thedischarge power supply was maintained at
anoutput of 350 Voltsand acurrent of 0.10A (35W),
whichwasmeasured using adigital Tektronix multim-
eter model DM 2510. Thebase pressure of theplasma
chamber of 6.3x10° m3 volumewas 7.5 x 102 Torr
(measured withaThermovac sensor TR211 connected
toaThermovac TM20digitd controller), achieved us-
ing amechanical pump (Trivac D10, Leybold Pump
with nominal pumping speed of 11.8 m® h1). The
vacuum chamber was purged with theworking gas sev-
eral timesat apressureof 1.0 Torr in order to remove
the background gas.

2.1. Doublelangmuir probe

Langmuir probes are commonly used asadiag-
nostic tool for the determination of plasmaparameters.
Thedoubleprobeswereinitidly reportedinthe 1970s.
Basically the Langmuir probe consists of one or two
electrodesinsertedinto the plasma. Inthedoubl e probe
configuration, thecurrent collected by theelectrodesis
measured asafunction of thevoltage applied between
thetwo el ectrodes. From the current-voltage charac-
teristics of the probe, el ectrontemperature (T ) can be
derived. ThedoubleLangmuir probeemployedinthis
work consists of a0.0635-mm-radiustungsten wire
(W-WI-005, Kimball Physics Inc.). The probe was
located insdeaglasscapillary, havingaholeof 0.7 mm
diameter; inadethecapillary, both wireswereshielded
separatdy with plagticinsulating cylinders. Thewiretips
were extended 1.0 mm beyond the glass capillary to
form the probe. Theinside bore of the glass capillary
was enlarged at the probe end, to form acavity in or-
der to prevent metd depositsontheglass, thusincreasing
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the probe ared*. The probe was aligned paralldl to
thecylindrical axisof thedischargetubeand could be
moved only intheforwards and backwards directions
inthecenter of the plasmaby usngamanua microme-
ter motion feed through.

The voltage difference applied to the probe was
manually scanned from +30V to-30V andviceversa
by aregulated dc power supply (EXTECH, Model
382213). Theprobe current wasmonitored by an Elec-
trometer (EM, Modd E16). The scanningtimefor one
[-V curvewas 5-10 minutes. Owing to sputtering or
contamination of the probetips, thetotal measurement
timefor one probe wasrestricted to approximately 5-6
h. Thefina 1-V curves obtained weretheresults of an
average of 6 datascans at each probevoltage.

3.RESULTSAND DISCUSSION

3.1. Characterization of glow AC discharge

Thederivation of plasmaparametersisbasedona
theoretical description of thedouble Langmuir probe
current-voltage characterization. Usudly, adistinction
is made between the thin sheath limit (TSL) and the
orbital motionlimit (OML) regimeng®>¥, Inthe TSL,
the plasmasheath, whichischaracterized by the Debye

length
%
xD=[ﬂﬁlﬂ )

e’n,
is smdll relative to the probe dimensions (¢, is the
permitivity of freespace, T, istheel ectron temperature,
n, thedectron dengty, k, Boltzmann’s constant, ande,
theelectron charge). In thiscase, the probe current (1)
asafunction of voltage (V) isgiven(*>14 by

ev

With the saturation current (I «0) being dependent on
iondensity (n), oxygenion mass (m= 16amu), elec-
tron temperature (T ) and probearea(A) asfollows:

I=I00tanh(

1/2
KT

I =Aen{2nn:J ©)
I

The second derivate of equation (2) exhibitstwo
extrema. They are separated by avoltage difference

= Fyl] Peper

AV, which can be used to cal cul ate the €l ectron tem-
perature T 7

KeTo= -1 @
T inf2+V3)12-43))

However, frequently the probeisnot workingin
the TSL. Thereforetheion ‘saturation’ current would
increase asthevoltageisincreased. Nevertheless, the
electron temperaureobtained inthismethodisdtill vaid
inthenon-TLSregime, sinceanincreaseinion satura:
tion current does not substantialy changethelocation
of theextremainthesecond derivative. Thusintheworst
case, usngtheTSL resultsfor theOML, would result
inan error of about 5%.

Theevauaionagorithm runsinthefollowing way.
First theprobe characteristic curveisdifferentiated two
timesand smoothed. Smoothing was performed by the
procedure described by Savitzky and Golay!*®. The
obtained current-voltage characteristic datafor a60
Hz generator that delivered a maximum of 35 W of
power to the O, plasma at 0.30 Torr of pressure is
displayedinfigure2. From the position of theextrema
inthesecond derivativeof thecharacteristicscurve (dot-
ted lineinfigure 2), the el ectron temperatureis cal cu-
lated using equation (4). Then atheoretical curveisfit-
ted to the entire measured experimenta current-volt-
age characteristic curve as given by equation (2) by
adjusting only theion density (n). Thiseval uation pro-
cedure gave an €lectron temperature of T =1.13 eV
and aniondensity of ni=1.98x10" cm® (usingn_=n).
Inthiscase, the Debyelength of A, =5.62x10°issmall
compared to the proberadius of 0.0635 mm, acondi-
tionthat iscaled thetransitionregion TSL. Withacor-
relation coefficient of 0.987, figure 2 showsthat the
theoretical curve (solidline) fitsvery well to the mea-

Chambes Elactical circuit

L I Fower supphy
[Femmde || &
568 Lo et —2 578
L + W Deaan Optics
— | %l Speciimmeeber
e |\J;'“' Dpical system
[ B O 1
MHS [0 - o ¥
Baratrom rﬂl "ﬁ _ |_| TrED
Exlrams s £J=
WALl pUmp

Tibwac 010
Figurel: Schematicdiagram of theexperimental appar a-
tus




204

Measurements of electron temperature and ion density

MSAIJ, 5(3) June 2009

Full Poper =

I(HA)

V(Volts)
Figure2: Doubleprobecharacterigicwith second derivate
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Figure3: Theelectron temperatureasafunction of pres-
sureobtained with thedouble L angmuir probeat three
different operating powers

sured data.

Showninfigure3, isthedectrontemperatureasa
function of pressurefor three constant powersof 10.5,
17.5and 35.0W. Theelectron temperatureisfound to
beinversely proportiond tothepressure. Thehigh elec-
trontemperaturefor |lower pressuresistypica of plasma
discharges. At low pressures, theelectron temperature
must increasein order to sustain thedischargesincea
decreaseinthe neutral dengity resultsinlower ioniza-
tion rate, whileapressureincrease bringsabout ahigher
colliding frequency and thusareductionin eectron en-
ergy.

However e ectronegativeion density hasbeen ob-
served in both DC discharge and discharge afterglow
plasmas’®* such as O, plasma. Asaresult it is ex-
pected that negativeion concentration toinfluence mea:

sured v uesof ion dendity and temperature. A qudita-
tivedescription of thedynamicsof negativeionsinthe
active phasewasintroduced*?%, namely theinclusion

of theelectron attachment totheo, (A3}, A% A, c!57)

metastable mol ecules. Thedestruction of negativeions
inthedischarge by detachment process, essentially in-
fluencetheir dynamics. Yet, discrepancy was observed
in absol ute val ue between the cdl cul ated and measured
concentration of negativeionsaswell astemperature
and density of electrons. Ivanov et al.* studied the
spatia structureand dynamicsof apulsed dcdischarge
inoxygen plasmaaswell astheeffect of different elec-
tron attachment processes on the dynamicsof thenega-
tiveiondengty. It wasshownthat inthedischarge, the
mai n production mechanism of negativeionswasthe
dissociative attachment of dlow electronsto metastable
oxygen molecules 0,(A%z;,A®%A,,c's;) . Thiswas
possiblesincethe pulsed dischargea low pressurein®)
hasaspatial structure providing the effective genera-
tion of fast e ectronsin the cathode sheath. Such quas
beam of running away e ectronsdegradeinthe areaof
alow dectricfield by providing anaccumulaion of dow
electrons. Therefore the el ectron energy distribution
functioninthe plasmavolume appearsto benonlocal.
Ivanov et a.[*¥ found that the discharge dynamicsis
essentidly non-stationary. During thedischarge pulse,
there was an accumulation of charged particles and
excited moleculesinthebulk of theplasma. Theden-
sity of the negativeionsin the discharge was deter-
mined by the balance between their production at the
attachment of theslow e ectronsto highly excited oxy-

genmoleculesinthe Herrzberg’s states A%z, A2A,,

c'z, andtheir destructionin collisionswith metastable

mol ecul eSOZ(OLlAg). Asaresult, the accumul ation of
excited oxygen moleculesplaysthemainroleinthepro-
duction of negativeionsinlow-pressure oxygen pulsed
discharge. Ivanov et a*® has shown that theratio of
negative ionsto those of electronswas 0.2 for both
measured and cal culated values?. Thiswould imply
that the el ectonegativity of the oxygen plasmaisex-
pected to lower thetruevaueof positiveionsand el ec-
tron density by 20%. Lichtenberg et a'*! developed a
macroscopic analytic model for three component elec-
tronegative plasma. Thismodel wasdesigned to pre-
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Figure4: Emission spectraof O, plasmaat 0.4 Torr and
175W

dict values of plasmaquantities such as el ectron and
negativeion densitiesand e ectron temperature asthe
neutral pressure and power to the plasmawerevaried.
Their? results showsthat at the minimum of plasma
length to the sheath edge, theratio of n /n was>1.
Thisratio decreased asthe plasmalength to the sheath
edgewasincreased reaching unity asthat distancewas
just below the mid-point between thetwo el ectrodes.
At themid point between the two electrodes, theratio
n/n_becomesvery small and n =n, asreported in®)
indicating that as plasmalength to the sheath edgein-
creases beyond this point, the electrons dominate the
plasma

Sincein our experimental work, the probe position
was at the mid-point between thetwo € ectrodes, there-
foreit issafeto assume at that point (mid-point be-
tween el ectrodes) our measured positiveion density
would correspond to the el ectron density'®. Asare-
ault it can bestated quditatively that for e ectronegeative
plasmasuch that of oxygen, a small plasmalengthto
the sheath edge, the negativeionsinfluencethe mea-
surementsof the electron density rather severely. That
effect decreases asthe probeismoved away fromone
el ectrode toward the second el ectrode, and electrons
dominatetheplasmaat plasmalengthtothesheath edge
just bel ow the mid-point between thetwo plates.

3.2. Emission spectr ometry measur ements

A typical spectroscopic emission measurement of
O, glow discharge plasmaat apressureof 0.40Torr is
displayedinfigure4 at 35.0W of power. Thisalowed
anadysisof themost luminousarea, which corresponds

= Fyl] Peper

TABLE 1: Summary of emission spectra observed in O,
dischar gewithin thewavelength of 200-800 nm

,, Waveength
V. (m)
436.8
533.1
615.6
700.2
777.2

4425

8 261.3
14 337.0
16 358.2
17 374.3
20 429.4

5 300.2

7 406.4

Emission

species Electronic transition v*

o
(Atomic line)

O+
(Atomic line)

©: B%; - X33

oOhARPRRLRROR

3 3y -
Oz AE:—)XZQ

527.5
602.6
635.1
685.6
7235
733.5
213.9
221.4
246.5
250.4
263.3
266.7
383.5
386.0
411.6
11 467.9
12 482.0
12 503.5
12 508.6
14 567.8
15 610.3

to the negativeglow near the cathode dark space. 1den-
tified speciesin the spectraof figure4 arereported in
TABLE 1. Although thespectra range of the spectrom-
eter isthat between 200 and 1100 nm, yet no emission
lineswereobserved above 800 nm. Thereforeonly the
most intense spectral bands and lines of O,, O,*, O
and O* within the 200-800 nm range are quoted?.
The observed peaks centered at 261.3, 337.0, 358.2,
374.3 and 429.4 nm correspondsto the most intense

peaks of the 0,(B%z, -X°z;) transitions, while the

broad band with amaximum at 300.2 and 406.4 nm
correspondsto the most intense peaksof the

o, b*z, — a’Il,

o,"

OCLORNWWNRFRWANNOR

AP, - XM

I—‘I—‘OOHOOOOCD-&U‘IU‘ILOBOHOHOOJ
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Figure 6: Emission intensitiesasa function of pressure
and power discharge

0,(A%s} -x%z;) transitions. The observed peaks at

527.5,602.6,635.1, 685.6, 723.5 and 733.5 nm cor-
responds to the most intense peaks of the
O (b*x; —a'Ml,) transitions, and the broad band with a
maximum at 300.2 and 406.4 nm correspond to the
mostintensepegksof the O (A%I1, X 1) trangitions.
The observed peaks at 436.8, 533.1, 615.6, 700.2
and 777.2 nmwereassigned tothestrong linesof atcomic
Oxygen. Finally, the peak at 442.5 nm correspondsto
the O* atomicline.

The pressure dependence, of several emission
bandsand linesat 358.2 nmfor O,; 411.6 nmfor O*,;
436.8 nm for O and 442.5 nm for O*, is shown in
figure5. Linearity of thisdependenceisobserved with
lineintensity remaining nearly constant within apres-
surerangeof 0.15t0 0.45 Torr. Figure 6 displaysthe
emissionintensitiesasafunction of pressureat different

values of injected power between 10.5and 35 W for
the O" at 411.6 nm, and 436.8 nm for atomic Oxygen.
A constant dependence of lineintensitiesis observed
as afunction of power. It can be seen that for both
lines, the intensity show negligible dependence on
power.

Cons deringtheplasmaconditions, it canbeinferred
that excited O,, O,*, O* and O playsanimportant role
inthepulsed plasmaprocesswithinthewave engthrange
of 200-800 nm. Theimportance of these components
inthe pulsed plasmaprocessvary little under the con-
ditionsof theplasmastudied inthiswork. Thisfact may
not apply to regions outs de the above mentioned spec-
trometer range on one hand, while on the other hand,
other techniques such asActinometry, or laser laser in-
duced fluorescence may a so be of importancein de-
fining theevol ution of the molecular/atomic/ionic den-
Sity asafunction of pressure or power.

Fromtheparent gas O,, excited neutral molecules
aswell asthe primary radicals O and O*, and O," in
their ground and excited states, are generated during
each pulseby e ectronimpact asfollows:

O,+e—>0,+e
O,+e—>0+0+e

O,+e—>0"+0+e+e
and
0+0-50,

Inturn, the O, may undergo thefoll owing reactions
withO:

O,+ 0 — O,+ 0,, While the O may react with
another Oresultingintheformation of O,and O,". On
the other hand may experiencefurther vibrationd exci-
tationincollisonswith el ectrons.

Interplay between formation and destruction pro-
cessesisrather complicated depending on many pa-
rametersand afull kinetic modd isrequiredin order to
get adeeper ingght in understanding the mechanisms
resultingintheformation of O,0+,02and O*,. Within
the experimenta parametersof the plasmastudiedin
thiswork, the plasma generated under each param-
eters of power and pressure reach an equilibrium at
which the above-mentioned radi cal sare the dominant
Species.

Theemission spectrashowninfigure4identify the
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upper datesinvolvedintheemissonlinesand bandsto
beof O, 0*,and O, 0,(B%z;) , 0,(A%%]), 05 (b*sy)

and o (A%11,) inspecificvibrationd levelsaslistedin
TABLE 1. Thefollowing analysiswith theaid of the
potential energy curvesfor O,, and O,"% is presented
in order to understand why these specific vibrational
levelslistedintablel, areresponsiblefor theemission
lines and bands observed in the spectra of figure 4.
Since the O, ground state and the excited state O,
(B%%-) havetheir minimaat 1.2 and 1.6 A1, there-
foreitisexpected that excitationinthe Frank Condon
regionwould resultin most of theupper vibrationa lev-
elsof the O, (B%X- ) stateto be populated. Yet asseen
intablel, the population of the O, (B%X- ) ismostly at
v=0and 1, and no emission bandswere observed re-
sultingfrom O, (B3 ), with v>1. Theabsencethese
emission linesand bands can be explained in terms of
the coupling of O, (B%Z" ) withrepulsivedissociative
statessuch as®[ ], and '[],.

TheO, (B%X" ) iscrossed by repulsive curves such
as®[I,and ™[] . Thecoupling of these stateswith the
O, (B%%) at vibrationa levelshigher thanv=1, would
result in the predissociation of this state leading to
O(P)+O(°P). Similarly, the A®[]* which has the
minimaof itspotential well just below1.5A, therefore it
can be populated mostly initsupper vibrationd levels
since the excitation of the X31"[g+ occur in the frank
Condon region at around 1.2A. This is reflected in the
observed emission band.

On the other hand, with respect to the emission
band resulting from A3Hu—>X2Hg, the A’[], hasits
potential minimaaround 1.4 A, implying that excitation
inthefrank Condon region would result in populating
most of thevibrational levelsof theA’[ [ statewiththe
probability of thelower vibrational level spopulated to
smaller. Thiscan be seen from the observed emission
bandsand linestabulated in TABLE 1.

CONCLUSIONS

Electrical and optical characterization of apulsed
plasmadischarge study of Electrical and optical char-
acterization of apulsed plasmadischargestudy of O,
gasispresented. Theemissionfromthepulsed plasma
of asteady-state electric dischargein O, at total pres-

= Fyl] Peper

surewithin therange of 0.1to 0.5 Torr, wasinvesti-
gated inthe wavel ength range 200-800 nm. Electron
temperaturewasfound to beinversely proportiona to
thepressure. Within the pul sed plasmaconditions, and
within the spectrometer range of 200-1100 nm, it was
observed that excited 02, O,*, O*, and O play adomi-

nant. The emission consists of 0,(B%x, -X°%;),
0,(A%z; -X33y), O (b*s; -a'11,), 0} (b*x; -a',)
and O (A%I1,, —X*I1,) transitions. Emission bandsre-

aultingfrom 0, (B%x ) excited statein v=0and 1 only
were observed, probably due to the coupling of the
0,(B%x,) statewith arepulsive predissoci ative states
suchas?®[] and'[], resultinginthedepletion of the
vibrationd levels(v>1) viapredissociation resultingin
O atoms. Similar explanations apply with respect to
A% whilefortheA?] excited statewith potential
minimaat around 1.4A, the probability for excitation
fromtheA? | ,Istomost of thevibrational levelsof the
A ] state. Spectral linesand bandsintensitieswere
shown to have linear dependency on discharge pres-
sureintherangeof 0.15to0 0.5 Torr. Also aconstant
dependenceof linesand bandsintensitiesis observed
asafunction of power.
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