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Discharge phenomena of a nonthermal atmospheric pressure plasma source have been studied. An
atmospheric pressure plasma(&PPJ operates using rf power and produces a stable homogeneous
discharge at atmospheric pressure. After breakdown, the APPJ operation is divided into two
regimes, a “normal” operating mode when the discharge is stable and homogeneous, and a
“failure” mode when the discharge converts into a filamentary arc. Current and voltagé) (
characteristics and spatially resolved emission intensity profiles have been measured during the
normal operating mode. These measurements show that the APPJ produces dn)aipbde rf
capacitive discharge. Based upon a dimensional analysis using the obkeletharacteristics, a

rough estimate is made for plasma density af ' cm ™3 and an electron temperature of 2 eV. In
addition, the gas temperature of 120 °C has been spectroscopically measured inside the discharge.
These plasma parameters indicate that the APPJ shows promise for various materials applications as
it can produce substantial amounts of reactive species and avoid thermal damages, while having the
advantage of atmospheric pressure operation.20®1 American Institute of Physics.
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I. INTRODUCTION Though different in dimensions, electrode materials, and fre-
guencies of the electric fieldddc to a few GHz, these

Plasma processing of materials is a vital industrial teCh'sources share some common aspects. They produce dis-

nology in many areas including electronics, aerospace, auto; - ; °
. ) ) . . 0 charges with a low gas temperature, typically below 300 °C
motive, and biomedical industries. This is because of th 9 9 P yp y

. . .?wnh exceptions of the microhollow cathode discharge and
unparalleled capability of plasmas for production of chemi- . : .

. . : . the surface-wave dischang@nd provide reasonable reaction
cally reactive species at a low gas temperature while main-

taining high uniform reaction rates over relatively large rates for etching, ashing, and deposition over limited areas.

areasi? Currently, the majority of plasma processing is donerrthermore, it is indicated that these sources may produce
scharges that resemble low pressure glow discharges and

at low pressure and the vacuum operation is viewed as %'1 fh its of the | |
necessary requirement. In principle, however, atmospheri§ are some ot the merits ot th€ Iow pressure plasma Sources.

pressure plasmas can provide a critical advantage Ovél;hese observations prompt a detailed study in characterizing

widely used low pressure plasmigsg., magnetron, reactive and under_standing the discharge phenomena of these novel
ion etchersRIES), inductively coupled plasmagCP), etc], ~ atmospheric pressure sources. _ _
as they do not require expensive and complicated vacuum On the other hand, rf capacitive discharges gt |ntermed|-
systems. Without a vacuum system, the cost of materialdt® Pressurel0—-200 Tory have been used extensively since
processing could be reduced substantially and materials i$h€ 1980's for high power gas lasers, such as @8ers'*~*°
sues related to vacuum compatibility would not be of con-Compared to dc excitation, the use of rf fields provided im-
cern. Therefore, the use of atmospheric pressure p|asmﬁoved diSCharge Stablllty and increased maximum laser out-
could greatly expand the current scope of materialdouts with higher overall efficiency. In general, rf capacitive
processing. discharges at intermediate pressure can exist in two distinc-
Recently, a few novel atmospheric pressure dischargévely different but stable modes; and y mode, depending
sources have been developed. These sources show promide the dominant ionization mechanisat'®in the « mode,
to potentially replace low pressure plasmas devices for somiéne discharge is sustained by volumetric ionization pro-
existing applications and to create new applications. Theseesses, while ionization by secondary electrons from the
sources include the atmospheric pressure plasma j&fectrode surfaces is important in themode. Of these two
(APPJ,*>" the cold plasma torchthe one atmosphere uni- modes, it is found that only thae-mode operation provides
form glow discharge plasm@AUGDP),° the microhollow  desired discharge conditions for laser excitation. This is be-
cathode discharg€, and the surface-wave discharde. cause the electron impact excitation essential for population
inversion occurs efficiently throughout the discharge volume

dAuthor to whom correspondence should be addressed; electronic maii.n the a_mOde- In the7’ mode, the inpUt power is diSSipatEd
jypark@lanl.gov mostly in the small volume of sheaths near the electrodes
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Power - The electrical properties of the discharge were studied
TR by simultaneously measuring the voltage across the dis-
° Slits charge and the rf current. The measurements were made us-
83 x 8 mm . . . .
° 8 i ing a high voltage probé&Tektronix P6015A with a band-
Matching _‘ — width of 75 MH2 and a current probéon Physics current
Network Water cooed bove e \T monitor CM-10-M with a bandwidth of 20 MHz The re-
° Vacuum Purp Bletods = sults were recorded on a digital oscilloscdpektronix TDS
il — 640 with sampling ratefoa 2 G samples/s and a bandwidth
= Mpower = JﬂL LN cooled fiber bundle of 500 MH2). The deviation from linear response of the cur-
3. & CCD detecto Monochromator [P 0,
o rent probe was less than 20% up to 35 MHz, as tested by

using a 5002 dummy load. For measurements done at 13.56
FIG. '1. Schematic of _the exper_imental setup. For electrical me:_:lsurement_MHz' a tuned impedance prol:(Advanced Energy rfZ 60
the discharge system is placed in a vacuum chamber to reduce impurities in b | dt th litud f the di
the discharge and to operate at the desired gas pressure, up to atmosphem@ 9 was also used to measure the ampli .u €s o e ais-
pressure. In the case of optical emission measurements, the electrode ass@@hiarge voltage and the rf current along with the coupled
bly_was replaf:ed by a plasma_l source.operating outsidt_e the vacuum cham_bgower to the plasma. The agreement between the two mea-
This change is made to provide spatially resolved emission intensity profil veithi 0
between the electrodes. Surements was reasgnahj thin 15 ). .
In addition, the light emission from the discharge was
_ o _ o ~ measured. As shown in Fig. 1, the collection optics for the
without contributing much to the lasing efficiency. In addi- gmjission measurement consists of a collimating slit assem-
tion, the gas temperature in the discharge tends to be highgfy 5 finer bundle, and a monochromator with a liquid ni-
for the.y moc_ie compared to the mode. Thus_,.|t IS 9f Inter- trogen cooled charge coupled devig@CD) array detector.
est to investigate whether anmpde rf capacitive .dlscharge For these measurements, the electrode assembly was re-
can be produced at atmospheric pressure and, if so, whethe{ db | ' ith th lectrod f.
place Yy a plasma source wi € Same electroae conmngu-

it can be used for materials applications. o | .
In this article, we present and analyze experimental re_rat|on including a water cooled ground electrode, operating

sults of the APPJ operation. Emphasis will be given to theoutside the vacuum chamber. This is bec.ause of the difficglty
characterization of the discharge produced in APPJ and thf accurately locating and moving the slit assembly relative
evaluation of its potential for materials applications. The ex-0 the electrodes inside the vacuum chamber. This plasma
perimental setup is given in Sec. Il. In Sec. Ill, we presentsource is identical to the one used in our previous study
the experimental results. Discussion of the experimental reexcept for narrower electrodgd.5 cm wide and 10 cm
sults is given in Sec. IV, conclusions follow in Sec. V. long).” The use of the narrower electrodes, coupled with the
slit assembly(two 8 mm by 83um slits, separated by 2.5
Il. EXPERIMENTAL SETUP cm), was to measure the emission intensity profile between
A schematic of the experimental setup is shown in Fig.h€ electrodes with a spatial resolution of 1a®. To reduce
1. The discharge used for this study was produced betwedfi€ @ contamination in the discharge, a gas mixture was
two planar square electrodes: a rf powered top electrode arftPwed at a rate of 50 slpm. Still, some impurities like nitro-
a grounded, water cooled bottom electrode. Measuremenen and water vapor were detected from the emission spec-
were conducted for different electrode materials, such as alutum due to the back diffusion of air and imperfect seal of the
minum, copper, molybdenum, and stainless steel, to investielectrode assembly. However, these impurity concentrations
gate the effects of the electrode surface properties on theere low and the electrical properties of the discharge
discharge. The surface area of each electrode was 180 crshowed no change compared with the measurements taken in
and the gap spacing between the electrodes was varied frofie vacuum chamber. For a given gap spacing, the discharge
0.16 to 0.32 cm using two quartz spacers which also proyoltage is nearly constant while the current and the input
vided optical access to the discharge region. To minimizgower vary linearly with the electrode area. Thus, the emis-
impurities in the discharge, the discharge assembly wasjon measurements were compared with other results as a
placed in a vacuum chamber, pumped by a 500 1/s Wrgnetion of input power per given electrode surface area. In

bopump. The base pressure of the vacuum chamber Waséaddition, the gas temperature of the discharge was measured

X 10" Torr. During the experiments, the chamber was : e : . P
3 Lo . . spectroscopically by fitting the rotational intensity distribu-
pumped out below X 10~ Torr and filled with a high purity C}ion of the oxygen atmospheric band at 762 nhnlxg

gas(99.9995% or better for helium, argon, and oxygen, an 3 — R .

99.95% or better for nitrogérmixture at room temperature X ~g) {0 @ Maxwell-Boltzmann distribution using a gas
and at pressures ranging from 300 to 600 Torr. The atmoMixture of helium(99.6%9 and oxygen(0.4%.

spheric pressure in Los Alamos is about 590 Torr due to the Unless specified otherwise, the baseline discharge con-
altitude, which limits the gas pressure below 600 Torr toditions are as follows: pure helium feedgas, rf frequency of
avoid overpressure in the vacuum chamber. As reported prd3.56 MHz, gas pressure600 Torr, aluminum electrodes,
viously, the APPJ has been operated successfully at sea lewgJectrode gap spacirgd.16cm, and electrode area
and no major difference is observed in the electrical=100cn?. All voltages and currents are rms values unless
characteristicé>® specified otherwise.
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IIl. EXPERIMENTAL RESULTS
A. Visual description of the discharge

A discharge in the APPJ is initiated once the breakdown
voltage is reached and light emission from the plasma isZ
observed. Initially the plasma covers only a small area of they,
electrodes and often moves around. With increasing input§ -
power, it quickly spreads to cover the entire volume between” 2
the electrodes. Visually, the discharge appears uniform
throughout the volume and has a white-purplish glow, with- 300 ——d——t——-& 300
out any sign of filamentation or arcing. The plasma is volu- Time (nsec) '
metric in space and homogeneous in time, as indicated by the
measured optical emission intensity from the discharge.
further increase in input power gradually raises the plasma
emission intensity and causes a brighter emission near the
electrodes than in the middle. When the input power is raised
above a critical level, the discharge suddenly turns into a
filamentary arc, causing a highly localized and bright orange
emission. Based on the various operating conditions, such a
gas pressure and gap spacing, the filamentary arc either cc
exists with a uniform glow or suppresses the plasma else- 3l . + . |g 300l 1+ . 1 . g
where. Usually, the arc is more intense and damaging wher G e’ O memey,
the filamentary arc suppresses the plasma elsewhere. Gener-
ally, one arc spot of a few millimeters in size is observed onf!G. 2. Waveforms of the discharge voltaglid line) and the rf current
each electrode. The arc spots either move around the eleg%(;gfndengo;\f”o:s 'ngugggi;sé;a pe‘f;itrr‘s;:m;:;%%r%; D'Sg;arge
trodes or stay in one location. When the arc is left on for ovelgressuresoo Torr, ganrt)j rff?equer.leyls.,SG MHz. Initially, the input’ pgwer
5-10 s, physical damage to the electrodes is usually obwas raised toa 124 W, to(b) 357 W, and to(c) 704 W before being
served, caused by the intense heating of the electrodes at trgluced tod) 372 W.
arc spots. The transition to an arc is irreversible as the arc
spots remain even after the input power is reduced below the . ) )
critical level of arcing. Only when the input power is suffi- (h€ arc persists even when the input power is reduced below
ciently reduced, the arc spots disappear. When the arc hdfi€ critical level of arcing. This is shown in Fig(d when
coexisted with a uniform glow, the discharge again becomel1® inPut power is reduced to 372 W after arcing. The volt-
uniform in space. However, the arc spots persist until theé2d® and current waveforms are nearly sinusoidal and in
discharge is extinguished when the filamentary arc Supphase, very different from the waveforms at a similar input

pressed the plasma elsewhere. power in Fig. Zb).

Voltage (V)
o
RF current (A)

A

B. Voltage and current waveforms C. Current and voltage (/-V) characteristics

Figure 2 shows waveforms of the discharge voltage Different operating regimes of the APPJ can be identi-
(solid line) and the rf currentdotted ling for various input  fied and characterized using the relation between the ampli-
power levels in a pure helium discharge. At low power, bothtudes of the rf current and the discharge voltage. In this
waveforms are smooth and nearly sinusoidal, indicating article, the term T—V curve” is used for this relation, while
mostly linear response of the discharge, as shown in F&y. 2 the term “I—P curve” is used for the relation between the
at 124 W. In addition, the capacitive nature of the dischargemplitudes of the rf current and the input power. In Fig. 3, a
is clearly shown as the current waveform leads the voltagé—V curve and anl—P curve are shown for a pure helium
waveform by 63°. With increasing input power, both wave-discharge at 600 Torr. Prior to breakdown, the load is purely
forms exhibit minor distortion, as shown in Fig(t?2 at 357  capacitive and both the rf current and the discharge voltage
W. The amplitudgnot the rms valueof the discharge volt- increase linearly with a 90° phase difference between them.
age increases less than linearly from 220 to 260 V with arDnce the applied voltage reaches the breakdown voltage, the
increase in rf current from 2.2 to 5.4 A. discharge is initiated and operates at a lower voltage com-

In comparison, Fig. @) shows the voltage and the cur- pared to the breakdown voltage. This is shown as a discon-
rent waveforms when the discharge becomes an arc after thmuity in the | -V curve.
input power is raised above a critical level. Both the current  With increasing input power, both the rf current and the
and the voltage waveforms exhibit large distortion and thedischarge voltage increase monotonically until the discharge
current waveform now trails the voltage waveform by 29°.turns into an arc. It is noted that the slope of the/ curve
This change in the phase relation is attributed to the resistivian this region is less than linear. This region of theV
nature of the arc discharge and to a large inductance, causedrve represents the normal operating mode of the APPJ, as
by a high rf current density in the filamentary arc, exceedinghe discharge is stable and uniform. The waveforms in Figs.
the capacitance outside the arc spots. As mentioned earli€2(a) and 2Zb) were obtained in this region of tHe-V curve.
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FIG. 3. Amplitudes of discharge voltage-V curve) and input powetl —P 150 T T
curve as a function of rf current. The discharge parameters are the same a: 300 torr ()
in Fig. 2. Operating regimes are divided between the normal operating modeﬁ Arcing
and the failure mode. Closed symbols are data points with increasing inputé A v - 4;7
power and open symbols are data points with decreasing input power. = 100 L N A;#....o |
° “g 2 “‘., «*?
& .ﬁ m B
'—o‘r
It is noted that little difference is observed in theV curves  ~ ‘." °
for different electrode materials in the normal operating re- %‘) 50 |- ol _
gime. . ' . ' g [ ] ® 0.16cmgap
As mentioned earlier, the discharge turns into an arc, m  024cmgap
. . . . A A 032cmgap
when the input power is raised above a critical level. The " l .
transition to an arc is represented by discontinuities in the ) 1 2 3

|-V andl—P curves. Again, little difference is observed in RE current (A rms)

the critical input power level among different electrode ma-

terials (aluminum, copper, molybdenum, and stainless )steel FIG. 4. I_—V curves as a function of gap spacing in pure helium discharges
However, it shouid be noted that the presen study does ndf! %0 0t gas pressres 500 or ft an 200 Tor forb -
cover thel -V curve after arcing in detail, because prolongedciosed symbols are the data points with increasing input power and open
arcing often causes the damage to electrodes. The irreversmmbols are data points with decreasing input povib);only the data
ible nature of the transition to an arc is clearly shown by thepoints _prior to arcing are shovv_n to clarify the behaviot e¥ in the normal
|-V andI—P curves. After arcing, these curves occupy dif- operating regime. Note that different scales are usedaoand (b).

ferent paths, characterized by a lower discharge voltage and

a higher input power for a given rf current. This region of the

|-V curve represents the failure mode of the APPJ. Thespacings of 0.16 and 0.24 cm, and about 15 V between the
waveforms in Figs. @) and 2d) were obtained from this gap spacings of 0.24 and 0.32 cm. At 300 Torr, the voltage
region of thel -V curve. With decreasing input power, the difference is 12—13 V for both pairs of gap spacings. In
|-V curve merges with the path prior to arcing, as shown inaddition, arcing occurs at about the same rf current within
Fig. 3, if the arc coexists with a uniform glow. However, the 15% regardless of the gap spacing for a given gas pressure.
|-V curve does not merge with the path prior to arcing, ifOnce the discharge turns to an arc, theV/ curve follows

the arc suppresses the plasma elsewhere, as shown in Fane of the two distinctive paths, as discussed earlier. For
4(a). In general, the arc tends to suppress the discharge elsexample, thé —V curve merges with the path prior to arcing
where when the gap spacing or the gas pressure is increasédr the 0.16 cm gap spacing, while it departs from the path
It is noted that a slightly lower discharge voltage is usuallyprior to arcing for the 0.24 and 0.32 cm gap spacings in Fig.
observed for a given rf current after theV curve merges 4(a). Henceforth, only the data points prior to arcing will be
back to the path prior to arcing due to the heating of the gashown to clarity thd —V curve during the normal operating
by the plasmas. mode.

In Fig. 4,1-V curves are shown as a function of elec- In Fig. 5, 1=V curves are shown for different gas pres-
trode gap spacing for two different gas pressures, 300 ansures at a gap spacing of 0.24 cm. In the normal operating
600 Torr. Different slopes in the—=V curve prior to break- mode, the discharge voltage is higher for higher gas pressure
down reflect the difference in the vacuum capacitance. In that a given rf current. Unlike Fig. 4, arcing occurs at a higher
normal operating mode, the discharge voltage is higher forf current and at a higher input power for a higher gas pres-
wider gap spacing at a given rf current. It is noted that thesure.
voltage difference between two different gap spacings is In Fig. 6,1V curves are shown for different rf frequen-
nearly constant for different rf currents except for the regioncies. The discharge voltage decreases with increasing rf fre-
near breakdown. For the same pair of gap spacings, the volguency for a given rf current, as does the slope oflth¥
age difference is lower at 300 Torr than at 600 Torr. At 600curve. In addition, the discharge is more stable with increas-
Torr, the voltage difference is 23—-30 V between the gapng rf frequency as indicated by the extended/ curves to
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FIG. 5.1-V curves as a function of gas pressure in a pure helium discharge=IG. 7. 1 -V curves as a function of gas composition for pure helium and for

Discharge parameters are: gap spasifi®?4 cm, electrode aredl 00 cnf, 1% addition of argon, nitrogen, and oxygen to pure helium. Discharge pa-
and rf frequency-13.56 MHz. Only the data points prior to arcing are rameters are: gap spaci@.24 cm, gas pressuré00 Torr, electrode
shown. area=100 cn?, and rf frequency:13.56 MHz. Only the data points prior to

arcing are shown. Though not shown in the figure, the critical input powers
above which discharge turns to an arc are: 510 W for pure helium, 550 W
for 1% argon, 1070 W for 1% oxygen, and 490 W for 1% nitrogen.

higher rf currents. For 10 MHz, the discharge turns into an
arc at about 300 W but this occurs at 430 W for 13.56 MHz.
For 20 MHz, we were not able to initiate an arc because th®. Emission intensity profile between the electrodes
maximum power was limited by the output capacity of our
variable frequency rf power supply rated at 500 W.

In Fig. 7,1-V curves are shown for different gas mix-
tures with a gap spacing of 0.24 cm. TheV curves show
substantial changes when a relatively small fractib¥) of

Figure 8 shows spatial profiles of emission intensity be-
tween the electrodes for a pure helium discharge at 600 Torr.
The input powers were 25 and 50 W for an electrode area of
15 cnf (1.5 cm wide and 10 cm longnd a gap spacing of
0.16 cm. These are equivalent to 167 and 333 W of input

another gas is added to the helium. The discharge voltage E‘owers for the 100 chelectrodes that are used for all other

much hllgher for a given current when 1%. of OXygen or N \easurements in this study. The corresponding discharge
trogen is added, compared to a pure helium discharge. On

the other hand. the disch it d iahtly f voltages are 140 and 163 V, respectively, while the current
1€ other hand, e discharge voltage decreases Sgntly 10f gysities are 0.018 and 0.03 A&nThe emission intensity
given rf current for addition of argon. In addition, substantial

aiff i th t of arci b d th rofile is nearly symmetrical though small asymmetry is seen
IMerences in the onset ot arcing are observed among ue to the watercooling of the ground electrode. The emis-
different gas mixtures. In terms of input power, the critical

. . . ) sion intensity is low both near the electrodes and in the

input power for arcing varies from 510 W for pure helium 1o middle of the discharge, and rises to the maximum at some
0 " 0 " ,

5f50 W or 1/°da?di'gg S\Z?rgcir;/, todld(_)t7_0 Wffor_tl/o addition distance away from the electrodes. This intensity profile is an

or oxygen, and to or 170 addition ot nitrogen. important characteristic of the normal operating regime of

the APPJ, as the shape of the profile stays invariant for dif-

300 T T T T
<«——— Arcing 10
P - I0MHz o ® _
g ® ./ . He I (706 nm) at 50 W
[ ] ] - -
2z 200 |- PY ™ = = —E
o ° - 13.56 MHz “i 10 x He I (728nm) at S0 W
< -
G L &’ = A AA | z oF
> AL a4 oM 5 R R
) = He I (706 nm)
_;ca 100 |- _ £ 4p ]
2 ‘B
<l v o
m 20 o N ,
. 4
0 1 1 1 1 ,, Water-coojed IOt 1f electrode p
0 1 2 3 4 5 0 <— ground elegtrode el 5 (not cooled)
RF current (A rms) 0 0.4 0.8 1.2 1.6

Z axis {(mm)
FIG. 6.1-V curves as a function of rf frequency in a pure helium discharge.
Discharge parameters are: gap spaeifiglé cm, electrode aredl00 cnf, FIG. 8. Spatial profiles of emission intensity between the electrodes for a
and gas pressures00 Torr. Note that the arcing was not observed for 20 pure helium discharge for two input powe¢85 and 50 W. Discharge
MHz due to the output capacity limit of the variable frequency rf power parameters are: gap spacin@.16cm, gas pressur&®00 Torr, rf
supply rated at 500 W. frequency=13.56 MHz, and electrode ared5 cnf.
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T T
0.16 cm gap (50 W)
(n)

FIG. 9. Emission intensity profiles for
different gap spacings of 0.16 and 0.24
cm, at the same rf current density of
0.03 Alcnf. Discharge parameters are:
gas pressure600 Torr, rf frequency
=13.56 MHz, electrode aredl5 cnf,
and input powers50 and 63 W.

Emission intensity (a.u.)

ground ®
electrode

0 0.8 18— " T 24

z axis (mm)
electrode

ferent input power, gap spacing, rf frequency, and gas mixE. Gas temperature measurement
ture. The location of the maximum intensity is about 0.35 i .
mm away from the electrode at 25 W and moves closer to " Fig. 10, an emission spectrum of the oxygen atmo-
the electrode with increasing input power, about 0.28 mnpPheric band at 762 nm is shown with a Mixv;/lell—
away from the electrode at 50 W. As shown in Fig. 8, theBoItz_mann rotational intensity cﬁstnbuhon at 120°%¢:
location of the maximum intensity varies little for different The input power was 400 W using the 100 ‘cefectrodes.
helium emission lines. The uncertainty of the fit is=25 °C. The spectrum was taken
When the gap spacing is increased to 0.24 cm, the locdrom the middle of a discharge using a gas mixture of helium
tion of the emission intensity maximum changes little for a(99.6%9 and oxygen(0.4%) at a flow rate of 50 slpm. The
constant discharge current dengify03 A/cnf), as shown in ~ spectral resolution of the optical system is about 0.02 nm
Fig. 9. The discharge voltage was 187 V and the input poweusing a 0.64 m monocromator with a grating of 2400 groove/
was 63 W, corresponding to 420 W of input power for themm. Because of very frequent collisions at atmospheric pres-
100 cnf electrodes. sure, the gas temperature of the discharge should be equal to

800

FIG. 10. Emission spectrum of the

A\ s ¢ oxygen atmospheric band at 762 nm
Rotational ImenSlty with a calculated rotational intensity

Distribution at 120 °C distribution at 120°C. Discharge
X parameters are: gap spaci@.16 cm,
gas pressure600 Torr, rf fre-
A quency=13.56 MHz, electrode area
\ — =100 cnf, input power=400 W, and
gas compositior 99.4% helium and
0.4% oxygen. Note a doublet-like

W\
structure of the emission spectrum in
I g the long wavelength region. This is
l 1 1 l 1

600 |

400 L

Emission Intensity (a.u.)

200

— because the oxygen atmospheric band
is both a magnetic dipole transition

i _ and an intercombination transition,
'i - and the band has four branch&g,
l .lha‘l RQ, PQ, and”P based on two sets of
-t sl
768

Ollllllll

758 760 762 764 766
Wavelength (nm)

selection rulegsee Refs. 19 and 21

770
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the rotational temperature of thezmlE;’) molecules. This and repels the electrons to maintain charge balance in the
measured gas temperature of 120 °C is consistent with a thefischarge. Outside the sheath, charge neutrality is closely

mocouple measurement of 90 °C outside the discharge reéttained and the bulk of the discharge current is carried by
gion. the electron conduction current. This spatial variation of

electron density and electric fields explains the observed
emission intensity profile in Figs. 8 and 9, since the electron
IV. DISCUSSION impact excitation depends on both electron density and elec-

A key finding of the present study is that the discharge!on €nergy. The plasma emission is low close to the elec-
produced in the APPJ is essentially amrmode capacitive f[rodes d_ue to the dep_letlon of electrons, while it is also low
discharge at atmospheric pressure. This finding is based dR the middle of the discharge as the electrons gain less en-

the following comparison between the experiments and th&'9Y from the lower electric fields. The plasma emission in-
previous studies on @-mode capacitive discharges, in par- tensity reaches maximum as the effect from the high electron

ticular the works by Vidaud, Durrani, and Hafl,and by €neray _due to the strong eleqtric fields out\_/veighs the Qe—
Raizer, Shneider, and YatsenKoThe current and voltage C'€ase in electron density. Typically, the maximum emission

waveform measurements in FiggaPand 2b) show that the intensity occurs in the boundary regio_n bgtweer) the sheath
APPJ discharge operating in the normal mode is clearly ca@"d the bulk plasma. Thus, the emission intensity measure-
pacitive and different from arc-type discharges. In addition,me”ts in Flgs. 8 and_ 9 indicate that the sheath thickness in
the observed—V characteristics of the APPJ and its func- th® APPJ discharge is 0.28-0.35 mm. _
tional dependence on the gas pressure and rf frequency is In aS|mpI§ dimensional model of the sheath, the relation
very similar to those of-mode discharges for gas lasers. [t @MOng the discharge current, sheath voltage, and sheath
is further noted that the observédV characteristics in the thickness can be written in
normal operating regime vary little with electrode materials, A
thus indicating the passive role of the electrodes in the dis- 1= (i ®Cgpeat) Vsheath aNd Cgpeati= kd_' 1
charge associated with tkemode discharge. In comparison, sheath
the electrode surface property plays a significant role in dewherel; is the rf discharge currenty is the angular fre-
termining the discharge characteristics in thenode be- quency of the rf fieldsCgqeamis the sheath capacitance,
cause of the importance of secondary electrons in the ioniza#g,eahiS the voltage across the shedthis a numerical con-
tion processes. Finally, the spatially resolved emissiorstant on the order of unity describing a dielectric constant of
intensity profiles in Figs. 8 and 9 clearly show that the APPXhe sheathg is the permittivity of the gas medium is the
produces ther-mode discharge not thgmode in the normal  electrode area, ardly.iS the sheath thickness. This simple
operating regime. sheath scaling can describe the electrical response of the
However, it is noted that we do not have a clear undersheath with an appropriate constant for the sheath dielectric
standing of the nature of the failure mode in the APPJ at thigonstant. For example, the self-consistent rf capacitive
point. This is because the discharge in the failure mode resheath model by Liberman and Lichtenberg can be reduced
sembles a filamentary arc rather tham mode. As described to Eq. (1) with numerical constants of 1.23 for collisionless
in Sec. Il B, the discharge becomes highly localized visuallysheath(low pressurgand of 1.52 for collisional sheathigh
and severe thermal damage to the electrode is likely once theressurg??? Using 1.52 for the collisional sheath in Eq),
transition is made from the mode above the critical input the voltage across the sheath can be estimated from the ob-
power. In addition, the current and voltage waveform measerved sheath thickness and the rf current. From Fig. 8, the
surements in Figs.(2) and Zd) indicate that the discharge in sheath thickness is about 0.35 mm for a rf current density of
the failure mode is mostly resistive rather than capacitive a§.018 A/cnf, thus yielding a voltage across the sheath of 55
expected for ay-mode discharge. One possible explanationV. For a rf current density of 0.03 A/cimnthe sheath thick-
for the absence of the mode is that they mode may be ness is about 0.28 mm, yielding a sheath voltage of 73 V.
unstable under the operating conditions used for the APPBince the discharge employs two symmetric electrodes, the
Thus, the observed mode to an arc transition may be the sheath voltages of 55 and 73 V indicate that the majority of
result of a—vy transition followed by arc formation due to the discharge voltage occurs in the sheath region, compared with
unstable nature of they-mode discharge in the APPJ. the discharge voltages of 140 and 163 V. This large voltage
Though a more thorough investigation is needed to examindrop in the sheath is an important property of rf capacitive
the exact nature of the failure mode in the APPJ, we willdischarges for both low and high gas pressaré<?in ad-
limit our discussion to the discharge physics during the dition, the less than linear slope in theV curves in the
mode and the onset of themode failure. This is because normal operating mode may be related to the decrease in
the practical applications using the APPJ source would bsheath thickness with input power according to Eqg.
based mainly on the-mode operation. Furthermore, Eq(l) describes the observed decrease in
One of the essential features of thenode discharge is discharge voltage and in the slope lofV curve with in-
the space charge sheath near the electrodes. Here the diseasing rf frequency in Fig. 6. For a given sheath thickness,
charge current is carried mostly by displacement current duthe required voltage across the sheath to drive the same
to the depletion of electrons. Averaged over a rf period, theamount of displacement current will decrease with increasing
sheath possesses more ions than electrons, thus creating eldcfrequency. Since the sheath voltage is a large fraction of
tric fields within it that accelerate the ions to the electrodethe discharge voltage, this explains a lower discharge voltage
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for a given rf current and a smaller slopelefV curve with Jit
increasing rf frequency. Similar results have been obtained in A Vbuk= EpuiA dou™ =
intermediate pressure rfa-mode discharges for gas ere
lasers'®>'8 Furthermore, enhanced stability of the dischargewhere AV, is the voltage increase across the bulk region
at higher rf frequencies can be attributed to this smalledue to the change in thickness of the bulk region, Aag,,
sheath voltage. For example, many high power gas lasers usethe change in thickness of the bulk region. In Fig. 4, the
rf frequency of 100 MHz or higher to increase dischargedischarge voltage increase from 163 V at 0.16 cm to 187 V
stability. However, it should be noted that increasing rf fre-at 0.24 cm for a rf current density of 0.03 A/&nfFrom Eq.
quency does not guarantee increasing reactive species pr@®), this corresponds to a bulk electric field of 300 V/cm,
duction, as in the case of gas lasEYalso, the cost of the finite, but an order of magnitude smaller than the electric
power supply, as well as the complexity of the plasmafield in the sheath. The resulting displacement current den-
source, increases with increasing rf frequency. Thus, theity would be 2.3 10~ A/lcm? for this time varying electric
choice of rf frequency for the optimum source operation refield of 300 V/cm, thus validating the assumption of small
quires consideration of discharge stability, efficiency, anddisplacement in the bulk region. Equati¢8) also explains
cost for its use in materials applications. the smaller increases in discharge voltage with increasing
Though there are substantial electric fields in the sheatlgap spacing at lower gas pressures. The electron mobility
the dynamics of the charged particles in the sheath is markncreases with decreasing gas pressure and a higher electron
edly different at atmospheric pressure than at low pressurenobility would result in a lower voltage difference.
In particular, ion acceleration in the sheath is very small at  Furthermore, the electron density in the bulk can be es-
atmospheric pressure due to frequent collisions with neutralgimated from Eq.(3). To conduct the rf current density of
For example, if the sheath voltage of 73 V is distributed0.03 A/cnt under the electric field of 300 V/cm, the electron
uniformly within 0.28 mm, the drift velocity of the ions density needs to be 3:0L0™cm 2 for an electron mobility
would be 3.6<10° cms * at atmospheric pressure for a he- of 2.1x 10% cn?/(V's).?4?" This electron density agrees rea-
lium ion mobility of about 14 crf{(V's).?*~2" This corre-  sonably well with a zero-dimensional power balance be-
sponds to an ion energy gain of only 0.0027 eV in the sheattween electron heating by the rf fields and electron energy
Thus, plasma reaction with materials is driven mostly byloss by collisions with neutrals, as shown in
neutral radicals and ion bombardment of plasma facing com- 3 3
ponents is not significant for atmospheric pressure plasmag, ~p,_~ ne<_kTe_ kT,
As a result, damage to treated materials by energetic ions 2 2

will be a nonissue at atmospheric pressure, and high etcjherep, s the input power densityf, is the electron tem-
selectivity can be obtained for plasma etching as the Surfacﬁerature,Tn is gas temperaturen,/m,. is the mass ratio
reaction is mostly chemically driven. However, the low di- patween the electron and helium atom, angdis the colli-
rectgd ion energy in the §hea_1th is not qompatlb|§ with SOMEion frequency of elastic scattering for electrons with helium
applications, such as directional etching and ion-assistegioms. For the electron temperature estimate, we will assume
chemical vapor deposition. . that the discharge voltage is uniformly distributed over the
Another difference of atmospheric pressure plasmas, agntjre discharge volume by ignoring the difference in electric
compared to low pressure plasmas, is the presence of finiig, g strength between the sheath and the bulk region. This
and relatively large electric fields in the bulk region to drive gy yjification is consistent with the zero-dimensional nature
the electron conduction_ current because of the low mobilityyt the Eq.(4), where we are only interested in the average
of electrons, as shown in values over the entire discharge volume. Thus, the average
electron characteristic energy would be 2.1 eV for the dis-
(2)  charge voltage of 163 V over the 0.16 cm dap® To esti-
mate the gas temperature at 333 W, we will use the gas
temperature measurement at 400 W in Fig. 10 and linearly
whereJ; andJg, 4 are the rf current density and the electron interpolate its value:
conduction current density in the bull, is the electron
mobility, andEy,, is the electric field in the bulk region. It is Tr(333 W) =Tp(room) + 355 To(400 W) —Tn(room)].s
assumed that the displacement current is small compared to ®)
the electron conduction current in the bulk region. This finiteFrom Eg.(5), the estimated gas temperature is 103 °C for a
electric field can explain the observed increase in dischargpom temperature of 20 °C, yielding a gas density of 1.5
voltage with increasing gap spacing in Fig. 4. As shown inx10*°cm™3. Using these values, we can calculate an elec-
Eq. (1), the voltage across the sheath depends on the digron density of 2.% 10*cm™2 for an input power density of
charge current and the sheath thickness. Since the shea&B.8 Wi/cn?, consistent with the estimate using the electron
thickness changes little with gap spacing for a given rf curconductivity.
rent, as shown in Fig. 8, we can assume that the voltage The calculated electron density and characteristic elec-
across the sheath is approximately constant for different gafgon energy indicate that the atmospheric presausneode rf
spacings. On the other hand, the voltage drop across the butlapacitive discharge produced in the APPJ shows promise
region should increase for a larger gap due to the finite eledor materials applications. The average electron energy of 2
tric field in the bulk region, as shown in eV is sufficient to produce reactive radicals, such as oxygen

Adpyik (3

m
2— v, in Wicm?, (4
Mie

~ 1% = _
it~ Jcond™ — Ne€eEbuiks
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and fluorine atoms. This, coupled with the electron densityx10**cm 2 and an electron temperaturdy) of ~2 eV,

on the order of 18cm ™3, explains the observed high pro- along with the measured gas temperature-a20 °C. These
duction rate of reactive species in the APPJ, €.0]=5 plasma parameters indicate that the APPJ shows promise for
X 10*cm™3 when 1% of oxygen is added to the dischafge. various materials applications as it can produce substantial
This high concentration of reactive species in the dischargamount of reactive species and avoid thermal damage.

is in part due to the advantage of atmospheric pressure op-
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