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Physics of high-pressure helium and argon radio-frequency plasmas
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The physics of helium and argon rf discharges have been investigated in the pressure range from 50
to 760 Torr. The plasma source consists of metal electrodes that are perforated to allow the gas to
flow through them. Current and voltage plots were obtained at different purity levels and it was
found that trace impurities do not affect the shape of the curves. The electron temperature was
calculated using an energy balance on the unbound electrons. It increased with decreasing pressure
from 1.1 to 2.4 eV for helium and from 1.1 to 2.0 for argon. The plasma density calculated at a
constant current density of 138 mA/émanged from 1.% 10 to 9.3x 10! cmi2 for helium and

from 2.5X 10! to 2.4%x 10 cm2 for argon, increasing with the pressure. At atmospheric pressure,

the electron density of the argon plasma is 2.5 times that of the helium plasi2@04@American

Institute of Physics[DOI: 10.1063/1.1815047

l. INTRODUCTION silicon, and uranium oxid&2°One of the unique properties
of the plasma is that it operates at pressures from 10 to

Plasmas are used in materials manufacturing for a di760 Torr without any modifications to the electrode design.
verse range of processes, including surface activation, etch- Recently, a study has been conducted on the physics of
ing, cleaning, decontamination, and thin film coatifgsn-  an rf, atmospheric pressure discharge stabilized by heffum.
dustrial plasmas operate either at low pressst@ Torr) or  In this source, the gas flowed parallel to two closely spaced
at atmospheric pressure. Examples of low-pressure plasmasetal electrodes. The electron density and temperature were
are capacitive discharges, inductively coupled plasmas, andetermined to be 8 10* cmi® and 1.9 eV at a current den-
electron cyclotron resonance souréésAtmospheric pres-  sity of 30 mA/cn?.?’ The current-voltage characteristics of
sure discharges fall into two main categories: thermal plasmthe plasma were measured, and it was found that the voltage
torches, which exhibit gas temperatures exceedingvas independent of the current in the normal glow regime. A
3000° C*® and nonequilibrium discharges, which run at neartheoretical study of this plasma by Yuan and R&jsug-
room temperatur€’ Torches are limited in application to gested that impurities on the level of 5 ppm were necessary
substrates that are not thermally sensitive. In addition, the§o explain the shape of the current-voltage curves.
require high voltage transformers and high currents to main-  In this paper, we investigate the physics of helium and
tain the discha_rg%v.9 The most common low-temperature, at- argon plasmas utilizing perforated metal electrodes that are
mospheric pressure plasmas are dielectric barrier dischargégupled to an rf power supply. A pressure range from 30 to
(DBD) and coronas. These devices are powered by dc 0?60 Torr has been examined in this Study. The feed gases
high frequency supplies operating up to 20 IG47A thin have been carefully purified so that the effect of impurities
dielectric barrier is placed on one of the electrodes to prevern the current-voltage characteristics may be assessed. Fur-
the formation of a continuous arc. These plasmas normalljhermore, calculations have been made to determine the
exhibit short-lived micro arcs that are randomly distributedPlasma density and electron temperature as a function of the
in space and tim& However, they can be made to produce ainert gas type and total pressure.

uniform glow by operating the DBD in pure helium, argon,
or nitrogen**~* Il. EXPERIMENTAL METHODS

We have developed an atmospheric pressure plasma that 5 schematic of the experimental apparatus is shown in
is stabilized by helium or argon and operates at temperaturq_sig_ 1. An Atomflo™-250 plasma source from Surfx Tech-
below 100° C'***This source utilizes perforated metal elec- yg|gies LLC was used in these experiments. The discharge
trodes that are coupled to radio frequency power alyas produced between two perforated, circular aluminum
13.56 MHz. The plasma discharge generates a uniform, higBjectrodes, 2.5 cm in diameter, containing 150 holes. A pic-
density of atoms and radicals for materials processing. So fa{;re of the plasma operating with pure helium is shown in the
we have demonstrated the use of this device for the plasmqrgure as well. The spacing between the electrodes was
enhanced chemical vapor deposition of silicon dioxide, sili-{ § mm. but was modified in some of the experiments to

oy s i 21 . )
con nitride, and amorphous hydrogenated silitbh: In ad-  gjther 0.4 or 2.4 mm. Gas was fed upstream of the discharge
dition, it has been applied to the etching of kapton, tantalumgnq allowed to flow through the electrodes and out into a
variable pressure chamber. The plasma was maintained by
@Electronic mail: rhicks@ucla.edu supplying rf power at 13.56 MHz to the top electrode, while
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FIG. 2. Optical emission spectra of UHP helium at 300 Torr with and with-
out additional purification.

tive emission spectrum was fitted to a Boltzmann plot, from
FIG. 1. Schematic of the experimental apparahust to scalg and picture  which the gas temperature was calculate@he details of
of the plasma source. this experiment have been published elsewf&re.

the bottom electrode was grounded. A current and voltagdl. RESULTS
(IV) probe was attgched di.rectly_to the source, eIiminatingA' Paschen curves
any cable connections, which might add inductance to the
system. This probe was connected to an oscillos¢dpé- The Paschen curves for the helium and argon rf plasmas
tronix, TDS 224. An additional tuned impedance proped- ~ are shown in Fig. 3. These curves were obtained by varying
vanced Energy RFZ §Gvas inserted in the line between the the pressure from 1 to 760 Torr and using three different gap
matching network and th&/ probe. The plasma voltage as a spacings, 0.4, 1.6, and 2.4 mm. The general shape of these
function of current was determined with the Advanced En-curves agrees with that obtained for dc dischafgésThe
ergy probe, which also yielded information on the imped-helium plasma exhibits a minimum breakdown voltage at a
ance, resistance, and phase angle. Ivhprobe was used to PD of about 4 Torr cm. In dc discharge using an aluminum
determine the time-dependent current and voltage wavelectrode, the minimum breakdown voltages for helium and
forms. argon are at 1.3 and 0.3 Torr cm, respecti@e@ur helium

The plasma source was mounted on an ultrahigh vacuurfesults agree with the dc counterpart. However, the minimum
chamber that was connected to a mechanical pump and \@lue for argon could not be ascertained. Evidently, lower pd
pressure controller. The chamber was fitted with a windowvalues need to be investigated that are outside the range
facing the discharge, through which optical emission spectravailable with our apparatus. Nevertheless, it should be
were obtained. The pressure range examined was from 50 f@inted out that the Paschen curves were obtained in the
760 Torr. A SAES getter was used to purify the helium andsame device with minimal adjustments, a capability that is
argon gases te<10 parts per billion(ppb) prior to introduc-  unique for this plasma source.
tion into the plasma source. Optical emission spectra of the
plasma were obtained to check that the gas contained neglB. Current and voltage Relationships
gible impurities. A comparison of the emission spectra be-
tween ultrahigh purity helium(<1000 ppm and this gas
passed through the SAES getter is shown in Fig. 2. For th
former case, oxygen was detected as the main impurity, &
observed by the O Il peaks at 391.2 and 427.5 nm and the

The root mean squargms) values of the current and
oltage wave forms for a helium discharge operated at
éoo Torr and 2.0 W/chare shown in Fig. 4. The wave

OH peak at 309.0 nit>* When the purifier was turned on 600 o T
these lines disappeared, indicating that the oxygen had been S S00f
removed. No emission lines for species other than the He @
could be detected in this latter spectrum. g 400 1
The neutral gas temperature of the helium plasma at > 300}
760 Torr was determined by adding 0.1 Torr nitrogen into _g
the discharge. The light was collected through a monochro- 3 200
mator (Instruments S.A., Triax 320 equipped with a & 100}
1200 groove/mm grating and a liquid nitrogen cooled 0

charge-coupled devicéCCD) detector (Instruments S.A., 001 01 1 10 100 1000
CCD-3000. The monochromator entrance slit was set to
0.05 mm resulting in a spectral resolution of 0.27 nm. The
rotational temperature of th@,0) band of the N first posi- FIG. 3. Paschen curves for helium and argon rf discharges.

pd (Torr-cm)

Downloaded 08 Dec 2004 to 164.67.192.74. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Moravej et al. 7013

300 T 2 300 T T T T T
200 760 Torr
11 250 Breakdown l
o 100 ~
s / 3 S
go 0 Jo é S 200F 500 Torr |
= 80
= 100 W/ & g ol 300 Torr
200 1 > 200 Torr
100 F 100 Torr J
300 R . R 2
50 100 150 200 250
50 '] Il Il ('] 'l
Time (ns) 00 02 04 06 08 10 1.2
FIG. 4. Current and voltage wave forms for He at 300 Torr and 10 W. Current (A)

FIG. 6. Voltages as a function of current for a He discharge at different
form indicates a capacitive discharge because the pha$&ssures.
angle between the current and the voltage=B86°. The 4°
shift in phase angle is due to the resistive component arising Current-voltage plots for the abnormal glow regime of
from the ionized gag‘.‘Anangous wave forms were obtained ¢ argon discharge are shown in Fig. 7. The breakdown
for the discharge in the pressure range of 10_0—760 To”voltages are not shown on this plot, but they vary over a
They are not shown here because the only difference begjige range from 510 V at 760 Torr to 240 V at 100 Torr.
tween these is the magnitude of the current and voltaggzrom these curves, one can see that the argon plasma oper-
which increase with pressure. . ates at a lower potential than the helium plasma, even though

Current and voltage wave forms obtained for argon ajts preakdown voltage is substantially higher. The biggest
2.0 W/C_”? and 300 Torr are shown in Fig. 5. The argon gitference between the helium and argon discharges ikthe
plasma is also capacitive with the current leading the voltageyrve at 760 Torr. The helium plasma exhibits a smooth
by 79°. The phase angle is shifted further for Ar than for He,cyrve with a wide operating range of 0.5 A, whereas the
Another difference between the helium and argon plasmas ijoreover, the Ar plasma at atmospheric pressure exhibits
that in the latter case the current wave form is not smooth bl.gtreamers and iS not Stab'e_ We do not knOW the reason for
has a kink in it. A possible reason for this could be due to thehis behavior and further work is underway to characterize
harmonics associated with this plasiia. this phenomenon.

Current-voltage curves for helium at pressures from 100 To examine the effect of trace amounts of impurities on
to 760 Torr are shown in Fig. 6. The points on the curveshe shape of théV curves, data has been obtained for four
indicate the breakdown voltages. The lines correspond to akyifferent impurity levels, 1.3 vol%, 0.05 vol%, 1000 ppm,
normal glow operation. By convention, abnormal glow cor-and <0.01 ppm. The highest impurity level corresponds to
responds to the region where the voltage rises with the cuiadding 10 Torr of @ to the helium gas. The plots shown in
rent, while normal glow defines the region where the voltagerigs. 6 and 7 are for He and Ar witt0.01 ppm of impuri-
is constant. Beyond the end of the lines the plasma trans-ties. Experiments performed for 0.05 vol% and 1000 ppm do
forms into a filamentary arc. The plasma is turned off at thisnot exhibit any differences to the ones fe10.01 ppm, so
point, because in an arc the current is concentrated on a smalese are not shown here. The current-voltage plots for the
area of the electrode and prolonged exposure can damage flasma fed with 750 Torr helium and 10 Torr oxygen are
At all pressures, the discharge operates over a current rang@own in Fig. 8. The difference between these results and
spanning=0.55 A. The operating voltage decreases substarthose of Fig. 6 is that the addition of,ancreases the break-
tially as the pressure is reduced, because at lower pressures
less power is needed to sustain the discharge.
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FIG. 7. Voltages as a function of current for an Ar discharge at various
FIG. 5. Current and voltage wave forms for Ar at 300 Torr and 10 W. pressures.
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380 T T J because in the pressure range examined, the density of the
760 Torr excited and metastable species is negligible compared to the
340 200 Tors ground state(<1000 pph. This conclusion was drawn by
S a0l o ] calculating_ the density of the ext_:ited species, i.e(ﬁ?rﬁnd
s orr He(2p), using the method described by Jonketsal.™™
% 260 b 200 Torr ] To account for the energy losses due to radiation, the
> losses due to ion free-free interactigi&emsstrahlung re-
20 b . combination, and line transitions were calculated using the
expressions developed by Beney al. for nonequilibrium
180 . . L plasmas?**“°|t was found that the addition of this loss term
06 08 10 12 14 to Eq.(2) did not change the calculatdd value. To demon-
Current (A) strate this point, the total radiative losses were calculated at a

13 iy -
FIG. 8. Voltages as a function of current for a He/@lasma at various Te 0f62 ev ?nd n.e Of. 10 Cm ' yleldmg a value of 4.
pressures. X 107° W/m?®, which is negligible compared to the total in-

put power density of 2.8 10’ W/m®. The electron energy
alance indicates that the power input per unit volume is lost
ue to elastic and inelastic electron collisions.
To examine how much of the power input goes into heat-
ing the gas, a simple thermal energy balance has been per-

down voltage and the operating voltage. However, the shap
of the IV curve does not change, the voltage gradually in-
creases with the current.

formed:
C. Plasma parameters
) Mc, AT
The plasma density and electron temperature have been &=——. (3
determined for both the helium and argon plasmas. The \Y

plasma density is calculated from the following equation: — )
Here,V it the volume of the plasma gds®), mis the mass

J=-enucE, (1) flow rate (kg/s), ¢, is the specific heat capacity/mol K)
whereJ is the current densityA/m?), eis a unit chargg¢C), ~ @ndAT is the change in gas temperatke). The mass flow
e is the electron mobilityV/m s, which is dependent on ate was determined from the volumetric flow rate, which
the gas medium and is inversely proportional to the presWas 30 L/min at 24°C. and 7§0 Torr.. The outlet temperature
sure, E is the bulk electric fieldV/m), andn, (m™3) is the  ©f the gas was determined using emission spectroscopy. At a
electron density. The average electron temperature is calcOWer input of 20 W, the neutral gas temperature in the
lated from a steady-state power balance on the free electroféasma is found to be 63°C. From these values, it is calcu-

in the plasm&*® lated that the power consumed to heat the gas from 24 to
b b 63°C is 17 W, accounting for 85% of the input power. The
e=ng——Kil, + nena*kla*ne|: Ne{Taive) + (Toate) remaining 3 W is probably lost by radiation and by transpor_t
KgTy KgTy to the surroundings from the body of the plasma souree. If it

om.3 is assumed that the entire 3 W is lost due to radiation and
+ Ny Oz Ve>]V§KB(Te_ Ty — €aar (2)  this value is input into Eq(2), the newT,, calculated for He
and Ar at atmospheric pressure is 1.10 eV, as compared to

wheree is the power densitYW/m:"), €rad is the energy loss 1.14 and 1.12 eV, respectively. This difference is less than
due to radiatiofW/m3), P is the pressuréPa), Ty is the gas 4%, therefore it can be seen through this method also that the
temperaturgeV), T, is the electron temperatuteV), k; is radiation losses are negligible compared to the total power
the ionization rate coefficieriivhich is a function offy), and  Input.
I, is the first ionization energyeV). In this equationa* The sheath thickness is calculated using the equations
represents the first excited state of the atdmis the rate developed for a collisional sheatfi’
coefficient of ionization from the excited stat@m?/s), |, is 2en. | 12372
the ionization energy ai*, and(ogve), (Teale), ANA(T ez Vo) J= 1.6860(_|> =75 - (4)
are the electron-ion, electron-atom, and electron-excited state M s

collision rate coefficientgwhich are functions oh, andT,), Here, & is the permittivity of vacuun(F/m), V is the volt-

respectivgly. i , age(V), M is the molecular weight of the rare gas ion,"He
The first two terms on the right-hand side of Eg) are or Ar* (kg/mol), \; is the mean free path of the igm), and
due to inelastic collisions between electrons and other SPE&sis the total sheath thicknegs). From the sheath thickness

cies. It should be noted that a range of values were found fotrhe sheath capacitance may be calculated as follows:
k, the ionization rate coefficient from the excited state, so all '

of them were utilized in the calculations and only minute 1.52¢,A

differences were observed in thg and T, calculations’’ C=—"2 (5)
Although the inelastic electron collisions with the excited

states of He and Ar are taken into account, their rate washereA is the electrode arém?). Finally, the voltage drop
found to have a minimal effect on thig calculation. This is  across the sheath is given by
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_ 10 T T v 3 3 We have calculated the properties of the helium plasma
& ; e containing 1.3 vol% oxygen. In E@2), the physical param-

i Ar g eters for helium were used since it is the dominant species. It
B «— g was found that at a fixed current density of 200 mAfcm

g 0% — 2 2 increases from 1.8 10 to 5.6x 10 cm™3, while T, de-

2 i & creases from 1.9 to 1.3 eV as the pressure rises from 200 to
5 [ HL — o g 760 Torr. Thus, while higher input powers are required to
: 101 A'k‘g'\‘_; ) é sustain the oxygen and helium discharge, it appears that the

addition of G reduces the electron density by a factor of 2,
but has minimal effect on the electron temperature. The re-
duction on the plasma density is most likely due to the fact
FIG. 9. Electron density and temperature for the helium and argon plasmathat O, is an electronegative species so it consumes the elec-
as a function of pressure at a constant current density of 138 mA/cm  rons and therefore lowers their concentrafion®

0 200 400 600 800

Pressure (Torr)

V= ——, (6) IV. DISCUSSION
27fC

We have investigated the properties of high-pressure he-
wherel is the total current suppliedA) and f is the fre- lium and argon discharges that are sustained by flowing the
quency(Hz). Knowing the sheath thickness and voltage dropgas through perforated metal electrodes. TWecurves for
allows one to calculate the plasma parameters for the bulkelium and He/@ presented in Figs. 6 and 8 indicate that
region only. The calculated thickness obtained for heliumthis design provides a broad range of currents for operation.
and argon between 50 and 760 Torr were 0.14—0.08 mm anld particular, the current density at 760 Torr varies from a
0.07-0.04 mm, respectively. minimum of 70 mA/cm following breakdown to a maxi-

To check the calculations used to determine the sheatthum of 190 mA/cm at the arcing point. We have per-
thickness and voltage drop across it, the electric field for thdormed the same measurements on the parallel plate system
bulk plasma was calculated at two gap spacings, 1.6 anthat was previously studied by Pagk al?® In that case, the
2.4 mm. The electric field at a fixed current density is only acurrent density varies from 10 mA/é&vat breakdown to
function of pressure and plasma density and is independeB0 mA/cn? at the arcing point. This is a much narrower
of the gap spacing. From tH¥ data, the sheath properties operating range than found in the present case.
were calculated from Eq$4)—(6), and then used to estimate In Park’'s work with the parallel plate electrodes, it was
the electric field of the bulk plasma. These fields for the 1.6found that the voltage did not change with the current over
and 2.4 mm gaps were always within 20% of each other ovethe normal glow operating regin"r@.‘l’he model calculations
the range of pressures studied, from 100 to 760 Torr. Sincef Yuan and Raj%? suggested that this behavior could be
the bulk electric fields are relatively unaffected by the gapattributed to the presence of impurities in the discharge at a
spacings, one may assume that the sheath calculations devel of ~5 ppm. However, we have studied the effect of
valid. impurities on the helium plasma and have shown that for up

From the formulas given above, the plasma density ando 1.3 vol% G there is no effect on the shape of thé
electron temperature were calculated at a fixed current ofurves(cf. Fig. 8).

0.7 A (138 mA/cnf). The results of these calculations for An alternative explanation for the fl&¥ curve observed

the helium and argon discharges are shown in Fig. 9. Tha Park’s study is that it may have been characteristic of their
plasma density increases from 1.6+8.30'! to 9.3+1.8 particular electrode design. In the present work, the elec-
X 10" cm™® for helium, and from 2.5+0.% 10" to trodes are circular with an area of 5.1 Tand the gas flows
2.4+0.5x 10* cm 2 for argon as the pressure rises from 50through them. When the gas undergoes breakdown, the
to 760 Torr. Meanwhile, thd, decreases from 2.4+0.4 to plasma immediately fills the entire volume between the elec-
1.1+0.2 eVand from 2.1+0.4 to 1.1+0.2 eV as the pressurérodes. Upon applying more power to this system, the current
increases from 50 to 760 Torr, for helium and argon, respecdensity increases and hence the plasma potentialzri?@y
tively. Note that over this pressure range the helium sheathontrast, the source used by Park contained rectangular elec-
thickness varies from 0.14 to 0.08 mm. For the argontrodes with an area of 100 émand the gas flowed in be-
plasma, the sheath thickness does not vary with pressurtyeen thenf® We have found that when this design is em-
maintaining an average value 6f0.05 mm. The electron ployed, the plasma does not fill the entire gas volume after
temperature falls at higher pressures, because the electrobseakdown. Instead, as more power is applied to the elec-
collide more frequently with neutrals and ions and loose theitrodes, the discharge expands, so that the current per unit
energy fastef® In contrast, the plasma density rises with area, and in turn the plasma potential, remains relatively con-
pressure. According to Eq@l), the density is inversely pro- stant.

portional to the electron mobility and the electric field. The The current voltage characteristics of the pure helium
mobility decreases and the field increases as the pressudéscharge recorded herein are consistent with the results of a
rises. However, the mobility variation is ten times larger thantheoretical modeling study performed by Yuan and F@%ja.
that of the electric field, so it has a stronger influence on th&hey showed that the voltage increases monotonically with
density. the current, exhibiting a slope of 60 V/A. This may be com-
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pared to a value of 190 V/A measured for the perforatedn literature are configured with the cathode and anode sepa-

electrodes. On the other hand, our results do not agree wittated by a dielectric material that fills the g%{b?S By con-

theirs in the case where the gas contains impurities. We haueast, the plasma design investigated herein does not employ

found that with up to 1.3 vol% ©in He, there is no effect on dielectric material. Several groups have performed model

the IV curve. calculations and experiments and determined that there is a
The electron density and temperature of the helium andange of pressure times hole diameters, where the hollow

argon discharges were calculated using equations for electrarathode effect is valid®®® The maximum pd reported is

current and a power balance on free electrons, respectively. 10 Torr cm. In the present work, the pd values range from

was found that the helium plasma density increased fron8.0 to 60.0 Torr cm, and are for the most part, outside the

1.7+0.3x 10" to 9.3+1.8< 10 cmi® as the pressure rose range expected for a hollow cathode discharge.

from 50 to 760 Torr, whereas the argon density increased

from 2.5£0.5< 10" to 2.5+0.5< 10" cm™ in the same V. CONCLUSIONS

range. The electron denS|ty'|n the' argon plasma was 1.5-2.5 We have investigated the physics of a capacitively

larger than that of the helium discharge. This can be ex- . .

plained by comparing the first ionization energies of the neu_couplefd radio-frequency plasma sr:)ul_rce oEeraltlng at Eres-

tral atoms, 24.6 eV for helium and 15.8 eV for argon. ArgonSures rom S0 to 760 Torr. In pure helium, the electron den-

. ) e sity increases with pressure from X720% to 9.3

is easier to ionize so at the same average electron tempera-] i1 -3 . .
o . ; 10 cmi 3, while the electron temperature decreases with

ture, it will have a higher electron concentration.

L . pressure from 2.4 to 1.1 eV. Over the same pressure range,
Note that the plasma density is inversely proportional to, - .

. S ... the argon plasma exhibits essentially the same electron tem-
the electron mobility, which is equal to the electron drift

: . L . peratures, but a factor of 2&higher electron densities. This
velocity multiplied by the electric field. Both discharges op- . SR
S oo . may be attributed to the lower ionization energy and electron
erate at similar electric fields, however the electron drift ve- o . .
locity in argon is two to three times smaller than that in mobility of argon compared to helium. Impurity levels of
. 1.3 vol% or less have no effect on the plasma properties
helium (0.8x10°cm/s versus 0.410°cm/s at P prop ’

760 Tor|).51‘53According to Eq.(1), the lower mobility of contrary to previously published results.
e!ectrons in the argpn_sr?edlum is compensated _for by A CKNOWLEDGMENTS
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