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This paper reports the results of a theoretical treatment of RF gas breakdown. We present simulated breakdown curves for
low-pressure RF discharges in argon over a broad range of gas pressures between parallel-plate electrodes. Analytical
formulas for the electron transport coefficients in argon obtained from a Boltzmann code are presented. We solved the
Boltzmann equation for argon and determined the frequencies of elastic and non-elastic collisions of electrons with argon,
the energy fraction transferred to the atom on collision 1 as functions of the ratio of the electric field strength to the gas
pressure E/p, the frequency of energy loss by electrons in collisions with argon atoms v; . We found that the condition
vy, = O corresponds to the minimum of the RF breakdown curve. We may use the ionization frequency H; as a function of

the effective electric field E,

only for modelling of the right-hand sides of RF breakdown curve. The ionization frequency

H; as a function of the instantaneous electric field £,cos(wt) must be used for the prediction of RF breakdown voltage

values to the left of the minimum of the breakdown curve.

A gas breakdown in an RF field occurs when the
number of charged particles generated within the volume
of the discharge gap through ionizing molecules via elec-
tron impact is greater than the number of particles having
left this volume because of diffusion and drift in the RF
electric field. This process is governed by the equation of
charged particle balance in cylindrical geometry:
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where n, is the electron density, ¢ is time, v, = o V, is the
rate of the gas molecule ionization through electron im-
pact, o is the first Townsend coefficient, D, and D, are the
coefficients of electron diffusion along and across the
electric field, respectively,  and z are the radial and axial
co-ordinates, V, is the electron drift velocity, ® = 27 fis
the angular frequency, fis the RF generator frequency.

In order to model the gas breakdown, we need to know
the transport coefficients of electrons in the gas, such as
o, D,, D, and V. These coefficients were determined by
solving the Boltzmann equation for argon. The values of
the electron transport coefficients in argon obtained from
the Boltzmann code were approximated with the follow-
ing formulas:
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The equation (1) was solved using the FEMLAB prog-
ram.
Let us consider first the discharge gap between plane
parallel electrodes. The lower electrode (z = 0) is powered,
the RF voltage U = U cos(w?) being fed to it, the upper
electrode (z =L =23 mm) is grounded. Both electrodes
have a diameter of 10 cm. The lateral walls of the dis-
charge tube are made of a dielectric, and are at floating
potential. Initially we disregarded secondary electron
emission from the surface of the electrodes, i.e., the fol-

lowing boundary conditions were used for the electron
density at electrodes and tube walls:

n,(R,z)=0, n,(r0)=0, n(r,L)=0 (2)

The initial value of the electron density was taken as

n = 10" cm?. All calculations were performed for the first

30 periods of the RF field. The RF voltage at the lower

electrode was varied in order to find the value at which

the average value of the electron density at the discharge

centre remained constant in time after the first 10 periods

on
ofthe RF field, i.e. 87: =0 . This value of the RF voltage

was taken as a breakdown RF voltage. We observe such a
situation in Fig. 1, depicting the temporal dependence of
the electron density at the centre of the discharge gap.
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Fig. 1.Plasma density at the discharge gap center against time for

p =1 Torr, U,f: 79.1 V.

For RF voltages below the breakdown threshold we ob-
serve a quick decrease of the electron density within the
entire gap, because the electron losses dominate over their
generation and therefore the RF discharge does not ig-
nite. If we fix the RF voltage at the lower electrode above
the breakdown value, then the electron density will in-
crease with time quickly, because the number of electrons
generated under ionisation will exceed the number of elec-
trons lost at the electrodes and tube walls due to the drift
in the electric field and diffusion. In Fig. 2 we see the
variation of the axial profile of the electron density during
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one (the last considered) period of the RF field. It is clear-

ly seen that the axial profile of the electron density during
i
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Fig. 2. Variation of the axial profile of the electron density during
the 30-th period of the RF field for p =1 Torr,

one (the last considered) period of the RF field. It is clear-
ly seen that the axial profile of the electron density pos-
sesses a bell-like shape performing oscillations during
the RF field period from one electrode to another. Calcula-
tions were also performed including secondary electron
emission from the surface of the electrodes. The follow-
ing condition was assumed:

V'(JDgff"'JDrgﬁ):JS, 3
where 7is the coefficient of secondary electron emission,
J ;18 the diffusive flux of electrons to the surface of the
electrodes, J,_, is the electron flux to the surface of the
electrodes caused by the drift motion in the RF field, J is
the flux of secondary electrons emitted by the surface of
the electrodes. The values of the coefficient 7y for the alu-
minum electrode were taken from the papers [2, 3]. The
coefficientyis a function of the electron energy; the elec-
trode emits electrons only during that half-period when
the electron cloud moves towards this electrode and bom-
bards its surface. During the second half-period the elec-
tron emission takes place only from the surface of the
other electrode.

Figure 3 presents the experimentally observed break-
down curve of the RF discharge in argon for L = 23 mm,
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Fig .3. Breakdown curves of the RF discharge for L = 2.3 cm: solid
circles are experimental data [1], open circles are our results for
Y= 0 (electron density at electrodes equals to zero) and ionization
frequency v; is function of effective electric field Eef’ solid
triangles are for Y =0.2 and ionization frequency v; is finction of
effective electric field E 4, open triangles are for y=0.2 and
ionization frequency v; is function of instantaneous electric field
E cos(w ?).

published in the paper [1], as well as the present results of
modelling. The results of numerical modelling agree with
the measured data satisfactorily. The RF breakdown
voltage values obtained through modelling are higher than
the measured ones.

Figure 4 shows simulated values of the RF breakdown
voltage for the gas pressure p = 0.2 Torr as a function of
the secondary electron emission coefficient. The best
agreement with the experiment was obtained withy = 0.2.
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Fig. 4. Breakdown voltages of the RF discharge as a function of y
for p =0.2 Torr: dashed line is experimental breakdown voltage.

We solved the Boltzmann equation for argon and
determined the frequency of elastic collisions of electrons
with argon atoms v/, the total frequency of exciting
collisions veyc, the ionization frequency vj,y, the total
frequency of electron-atom collisions Xv and the energy
fraction transferred to the atomon collision 8 as functions
of'the ratio of the electric field strength to the gas pressure
E/p (see Figure 5). The values of d we used for determining
the frequency of energy loss by electrons in collisions
with argon atoms v, = 8-v, where v,=XZ v.
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Fig. 5. Dependence of the frequency of elastic collisions of elec-
trons with argon atoms v, , the total frequency of exciting colli-

sions vy, the ionization frequency v;,,, the total frequency of

electron-atom collisions Xv and the energy fraction transferred
to the atom on collision & on the ratio of the electric field strength
to the gas pressure E/p, dashed line is the value of & for the elastic
collisions.

Figure 6 shows the values of v, as function of E/p,
breakdown curve and the ratio of the breakdown electric
field strength to the gas pressure. The dashed line on the
figure corresponds to the angular frequency @ for the
RF generator frequency f = 13.56 MHz. We have
v, = wat E/p= 80 V/(cm Torr) which corresponds to the
minimum of the RF breakdown curve.

The energy spectrum of electrons is established at a
rate characterized by the frequency of energy loss by the
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Fig.6. Dependence of the values of u, on function of E/p,
breakdown curye Uyp) and the ratio of the breakdown electric
field strength to" the gas pressure E/p = U,f/ pL = f(p).

electron in its collisions with atoms v,= &-v, (for elastic
collisions 6 = 2m/M, m and M are electron and atom mass-
es respectively). If o >>v,, the spectrum has no time to
respond to the field oscillations. The spectrum and the
mean energy € remain nearly constant over a cycle and
almost coincide with the spectrum and € that are estab-
lished in a steady effective field equal to

E v
Ee, == L
T ot v

The ionisation frequency v, . in an RF field of ampli-
tude £ is approximately the same as the ionisation
frequency v, in a steady field £ equal to the effective field

Virr (Ea ) =V; (ngf ) .

MOIEJIOBAHHS 3AITAJTFOBAHHA

BY EMHICHOI'O PO3PA Y HU3BKOI'O TUCKY
B.O. JlicoBcbknii, K.—I1. Byt
B it po6oTi mogaHo pe3ynbTaT TEOPETHYHOTO TOCIiIKEeHHS
npo6oto razy B BY momni. [IpuBeneHo teopeTnyHi KpuBi
3ananeHHs BU eMHICHOTo po3psiiy HH3BKOTO THCKY B aproHi
MIX IDTOCKUMU TTapaleIbHIME eeKTpoaamMu. [lonaHo aHamTHyHi
¢dhopmynu 1yt KoeilieHTiB TepeHOCy eNeKTPOHIB B apTOHi, SKi
0yJI0 OTPUMaHO METOAOM YHCIOBOTO aHANi3y pPiBHSIHHA
Bonbimana. Po3B’s3aH0 piBHAHHS BonbliMaHa 1Jis aproHy Ta
OTPUMANH YaCTOTH NPYXHUX Ta HENPYKHHUX 31TKHEHb
CJICKTPOHIB 3 aTOMaMH aproHy, YacTUHY E€Heprii, ska mepe-
IIAETBCS ATOMY TIPU OJHOMY 3iTKHEHHI O SIK ()YHKIIO CITiB-
BIJTHOIIIEHHS HANPYTH €IEKTPUIHOTO OIS 10 THCKY raszy E/p,
YacTOTy BTpPAaTH €Heprii eleKTPOHAMH IIPH 3iTKHEHHI 3 aTOMaMK
aprony vy, . 3HalaeHo, mo MiHiMmymy BY kpuBoi 3amaneHHs
BiANOBiza€ yMOBa vy, = . [TokasaHo, 110 4acToTa ioHizauii v;,
AK (yHKITisA €EKTUBHOTO EIEKTPUIHOTO NoJs £ Moxke 6yTn
BUKOPHCTaHA JIMIIE UT MOJAEIIOBAaHHA MpaBoi Tiku BY kpuBoi
3ananieHHs. YacToTa ioHi3aril v; Sk QyHKIis MUTTEBOTO EJIEKT-
puuHoro mouns E,cos(mt) MOBUHHA BUKOPHCTOBYBATHCS IS
nepexbadeHHs BennauHU BY mpoOiiiHOT Hampyru 3iiBa Bif
MiHIMyMY KpUBOI 3alIalIeHHS.

In the limiting case of low frequencies @ <<v, the spec-
trum and the mean energy considerably vary within a cy-
cle. They are strongly modulated and at each moment
approximately correspond to the instantaneous field as if
it were steady-state. The ionisation frequency v, fol-
lows closely the slow field variation and coincides with
the ionisation frequency v, in a steady field equal to the
instantaneous field v, (£, sin(wr)) [4].

Therefore we may use the ionization frequency v; as a
function of the effective electric field £ only for mode-
llingof the right-hand sides of RF breakdown curve. The
ionization frequency v; as a function of the instantaneous
electric field £ cos(w¢) must be used for the prediction of
RF breakdownavoltage values to the left of the minimum
of the breakdown curve.

ACKNOWLEDGEMENT

The authors express our gratitude to the UNAXIS France-
Displays division, Palaiseau, France for their financial sup-
port and for the equipment used in this study.

REFERENCES

1. Lisovskiy V.A., Yegorenkov V.D. RF breakdown of low
pressure gas and a novel method for electron drift velocity
determination in gases// J. Phys. D: Appl. Phys. — 1998. —
Vol. 31, Ne.23.— P.3349-3357.

2. Farnsworth H.E. Electronic bombardment of metalsurfaces.
// Phys. Rev. — 1925. — Vol. 25, Ne. 1. —P. 41-57.

3. Baglin V,, Bojko J., Grobner O., Henrist B., Hilleret N.,
Scheuerlein C., Taborelli M. The secondary electron yield
of technical materials and its variation with surface
treatment//7" European Particle Accelerator Conference.—
Vienna (Austria). — 2000, — P. 217.

4. Raizer Y.P.,, Shneider M.N., Yatsenko N.A. Radio-Frequen-
cy Capacitive Discharges//CRC Press, Boca Raton.—1995.
-P 17.

MOJEJMPOBAHMUE 3A’KUTAHUS BY
EMKOCTHOI'O PA3PAJA HU3KOI'O JABJIEHUS
B.A. JIucoBckuid, K.—II. Byt
B Hacrosmeii paboTe mpencTaBieHbl pe3yIbTaThl TEOPETHYEC-
KOro mccienoBaHus npobos raza B BU moxe. [IpuBeneHs!
TeopeTuyYecKue KpuBble 3axuranus BY paspsiia Hu3Koro nas-
JIeHUs B aproHe MeXAy MIOCKHUMH IapauleIbHbIMU 3JEKT-
ponamu. IIpencTaBneHsl aHaTUTHIECKHE (GOPMYIIBI AT KO3 (-
(UIMEHTOB MepeHoca AIEKTPOHOB B aproHe, MOJIydYeHHBIE
METOJIOM YHCIEHHOT0 aHaji3a ypaBHeHus bonbMana. Pemeno
ypaBHeHue boibnMaHa Ui aproHa M OMpPEAETHIH YacTOTEI
YOPYTUX U HEYNPYTUX CTOJIKHOBEHUH 3IEKTPOHOB C aTOMaMH
aproHa, JOJII0O SHEPruu, MepesaHHOH aToMy NpH OJHOM
CTOJIKHOBEHHH O KaK (QYHKIMIO OTHONICHHUS HAIPSKEHHOCTH
NEKTPUUECKOTO MO K JABICHHMIO ra3a £/p, 4acToTy MOTepH
9HEPIUHU JIEKTPOHAMHU IPU CTOJIKHOBEHUH C aTOMaMH aproHa
vy . O6HapyxeHno, 4To MUHEMYMY BY KkpuBoil 3a)xuraHus
COOTBETCTBYET ycloBue v, = M. [lokazaHo, 4To 4acTOTa HOHH-
3a0UH V; Kak QyHKOUS 3GGEKTUBHOTO 3JIEKTPUYECKOTO MOJIS
Eefy MOXeT ObITb HCIIONB30BAHA TOJIBKO JUIS MOJCIHPOBAHHS
npasoil BerBu BY kpuBoif 3axuranus. Yactora HOHU3ALUH V;
KakK (PyHKIUSI MTHOBEHHOTO 3JIEKTpHUYECKOro moist E,cos(mt)
JOJKHA UCTIONB30BaThCS A pecka3anus Beanaua BY mpo-
601HOTO HAIPSKEHUS CII€Ba OT MUHUMYMa KPUBOH 3a)KHTaHHsL.
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