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The results of experimental and theoretical study of RF capacitively coupled discharge breakdown in reactor for
reactive ion etching of semiconductors are presented. Taking into account complex geometry of the reactor with
asymmetric electrodes the main attention has been paid to influence of geometric factor on the breakdown curve.
Experiments have shown that the geometry of the electrodes has impact on the breakdown curve only at lowest gas
pressure (<50 mTorr). In cylindrical configuration the curve has a region of ambiguity, while for asymmetric
configuration similar to GEC reference cell the low pressure part of the breakdown curve is almost vertical. The
experimental data are compared to the numerical simulation results obtained using the particle-in-cell/Monte Carlo
(PIC/MCC) code. The comparison shows qualitative consistence of the results with general tendency of theoretical
curves to be slightly shifted to higher pressures that can be explained by simultaneous action of different kinds of
electron emission from the electrodes, while we accounted only for secondary electron emission. Both theory and
experiment show influence of secondary electron yield from different electrode materials (aluminum, steel, graphite)

on the low-pressure part of the breakdown curve.
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INTRODUCTION

Gas discharge breakdown is one of the most basic
problems of gas-discharge physics, which has been
studying for more then 100 years [1-3]. Nevertheless,
despite the long history the breakdown physics is not
completely understood and permanently attracts attention
of researchers [4-7].

The radio frequency (RF) discharge ignition is very
specific case in which oscillatory motion of electrons
between electrodes may cause dramatic change of
Paschen curve [3,5]. The breakdown voltage drops
significantly comparing to the DC breakdown when the
electron oscillation amplitude became less than half of
inter-electrode gap. Another unusual feature of the RF
breakdown curve is the ambiguity region at low pressures
where the discharge can be ignited not only by increase of
the RF voltage amplitude but also by the amplitude
decrease [3-7].

A number of researchers studied features of the RF
breakdown curve experimentally and theoretically, so to
the moment influence of different factors has been
investigated such as kind of gas [7], oscillation frequency
[2-4,6], spacing between electrodes [4,7], discharge

chamber geometry [3,6]. It was also shown
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Fig. 1. Schematic diagram of the experimental set-up
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experimentally that the electrode surface material has
evident impact on the low-pressure part of the RF
breakdown curve [8]. However, the influence of electron
emission on the RF breakdown process in chamber with
complex geometry has not been cleared.

The results of experimental and theoretical study of
RF capacitively coupled discharge ignition in chambers of
different shape are presented in this paper. The main
attention is paid to influence of secondary electron
emission and geometric factor on the breakdown curve.

1. EXPERIMENTAL SETUP

A schematic diagram of the experimental setup used in
our investigation is shown in Fig. 1. The experiments were
carried out in two different configurations: cylindrical and
similar to GEC reference cell. The sidewall of the vessel is
made of metal. The RF power is coupled to the stainless
steel bottom electrode with radius R = 6 cm via a matching
box; the top one and side wall are grounded. The central
part of the upper electrode is shower-like for gas feeding
into the chamber. The vessel is evacuated by a turbo
molecular pump down to a base pressure of about 107 Torr.
The experiments were performed in the argon pressure
range 20...700 mTorr. The RF power (13.56 MHz) is
supplied by an RF generator with maximum output power
of 500 W.

The main radius of the chamber is R = 10 cm and
height L = 7 cm. Inter-electrode gap at the chamber axis is
4cm. To transform the chamber to cylindrical
configuration the stainless steel grid with the cell size
0.25 mm and optical transparency about 0.5 was installed
(see Fig. 1), so the discharge was ignited in the chamber
with inner diameter 12 cm and height 4 cm.

For measurement of the high-pressure part of the
breakdown curve the gas pressure was fixed, and then the
RF voltage was slowly increased until gas breakdown
occurs. The low-pressure part of the curve may be multi-
valued, therefore in this range we first decreased the gas
pressure, then fixed the RF voltage value and then
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increased the gas pressure slowly until gas discharge
ignition occur. At the moment of the discharge breakdown
the RF voltage shows a sharp change. The uncertainty in
the measured breakdown voltage amplitude U,, was no
more then 2% over the whole U, range under study.

2. SIMULATION

The simulation was performed using two dimensional
particle-in-cell (PIC) model implemented by Tech-X
Copr. in OOPIC Pro code [9]. OOPIC Pro includes Monte
Carlo collision algorithms for modeling collisions of
particles with background gases that might result in the
ionization of the background gases and the production of
a pre-defined species of particle. The simulations were
performed for argon gas. Each macro particle included
one physical particle. In typical simulation ten thousands
particles were used. The uniform gas temperature was set
as 0.025eV. The simulation grid and time steps were
chosen reasonably small, that computing process ensures
authentic physical results with minimal computing time.
The simulation time step should be significantly less than
the electron mean free time, than the grid cell crossing
time by the fastest particles, and than the RF period. Thus
the time step for the simulation was chosen as 10"° s. The
grid step was 1 mm.

As an initial condition of the breakdown we accounted
for natural background ionization using random
generation of electrons appearing uniformly over the
entire volume of the chamber during one period of driving
RF voltage. To determine the breakdown voltage we used
condition of balance between creation of electrons by
ionization and secondary emission and their loss to the
walls. For each value of the gas pressure we searched the
RF voltage amplitude providing unchanged mean number
of electrons over several RF periods.

Vaughan secondary electron production model is used
for electron impact on the electrode surface that includes
energy and angular dependence of the emission yield
[10]. In the described simulations we assume that 10% of
the primary electrons are reflected from the surfaces so
the normal component of the incident particle’s velocity
has its sign reversed. Another 10% of the incident
particles are assumed to be scattered, i.e. all components
of the particle’s velocity are scaled by uniform (0,1)
random values keeping total energy unchanged.
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Fig. 2. Breakdown curves for different top electrode
materials: a) experimental data, b) simulation result
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3. RESULTS AND DISCUSSION

Fig. 2,a shows the breakdown curves of RF discharge
in cylindrical chamber in argon measured with the upper
electrode made of different materials (aluminium,
stainless steel and graphite). For high pressures (more
then 100 mTorr) the observed breakdown voltages match
for the all applicable materials, while at low pressures the
discharge curves are significantly affected by the
electrode material. The Fig.2,a shows that with the
increase of the electron emission yield the low-pressure
part of the breakdown curve is shifted to the left and a bit
down. In all the experimental curves the region of
ambiguous dependence of the RF breakdown voltage on
the gas pressure is clearly visible at the lowest pressures.

The results of systematic calculations of the RF
breakdown curve for different secondary e-e emission
yields o are shown in the Fig. 2,b. The simulations were
performed for low pressures (30...300 mTorr) in the RF
voltage range 80...500 V.

One can see from the Fig.2,b that the simulation
results are qualitatively consistent with the experimental
data. All the breakdown curves demonstrate multivalued
dependence at lowest pressures and coinciding right-hand
branches. Similarly to the experimental curves the
calculated dependences are shifted to the left and a bit
down with & growth.

General analysis for all the used electrode materials
shows that all the theoretic curves are slightly shifted to
the right in relation to the corresponding experimental
curves. The right-hand branches of the theoretic curves
are approximately 20 V higher then the experimental.
Presumably, this discrepancy appears since the model
takes into account only the electron induced secondary
electron emission, while for accurate description of the
RF breakdown it is of course necessary to consider all
types of electron emission: e-¢ and i-e emissions as well
as electron emission caused by photons and metastable
atoms.

Fig. 3,a,b shows the breakdown curves of RF
discharge in argon measured for cylindrical and for GEC
cell configurations as well as simulation results for the
mentioned chambers. Both the experimental and the
theoretical results demonstrate that the chamber extension
with the constant inter-electrode gap causes the deflection
of the low-pressure part of the breakdown curve.
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Fig. 3. Breakdown curves for two chamber configurations
(similar to GEC cell — solid curves, cylindrical — dash
curves): a) experimental data, b) simulation result
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The shift of the curve to lower pressures at high
voltages could be explained by appearing of longer
trajectories of electron oscillation between the bottom
electrode and upper corner of the chamber. The increase
of the electron path length L leads to decrease of the
breakdown pressure p in order to keep the similarity
parameter pL constant.
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BJIUSIHUE TEOMETPUMU SJIEKTPOJ0OB BU-PEAKTOPA HA KPUBYIO 3AJKUT'AHUST PA3PSIIA
C.B. /Iyoun, A.H. /laxos, B.A. /lucoeckuit, B.M. IInemnes

IIpencraBneHsl pe3ynbTaThl SKCIEPUMEHTAIbHBIX U TEOPETUUECKUX UCCIEN0BAaHUN KpUBOH 3axxuranus BU-paspsina
B PEaKTOpE Ui MOHHOTO PEaKTUBHOIO TpaBieHHs. C ydeTOM CIIOKHOM I€OMETpPHH pPeakTopa C aCHMMETPHYHBIMU
9JIEKTPOJlaMH OCHOBHOE BHHMAaHHE OBUIO YIENIEHO BIMSHHIO I'€OMETPUYECKOro (hakTopa Ha KPUBYIO 3a)KUTaHUS
paspsina. DKCIEPUMEHTHl MOKa3ald, YTO T€OMETPHs 3JIEKTPOJIOB OKa3bIBAE€T CYIIECTBEHHOE BIMSIHHE HAa KPHUBYIO
3a)KMI'aHusl B 00JIaCTM HM3KHX JaBieHuid padouero raza (<50 mTopp). Jns mumuHapuueckoil reoMeTprn Kamepsl B
00JIaCTH HM3KHMX [aBJICHUH CYyIIECTBYEeT 00JacTh HEOJHO3HAYHOCTH KPWUBOW 3aKUTaHMs, B TO BpeMs Kak IS
acuMMeTpu4Hoi KoHurypauuu onmskoil kK GEC siuelike HabIr01aeTCs MPAKTUUECKH BEPTUKAIBHBIH POCT HAITPSYKESHUSI
3a)XHIaHusl pas3psiia ¢ yMEHbIICHHWEM JaBJIieHHs ra3a. HalOmromaercss KauecTBEHHOE COTJIaCHEe YHCIICHBIX pacyeTros,
MONTy4YeHBIX ¢ Hcrmoib3oBanueM particle-in-cell/Monte Carlo (PIC/MCC) xona, ¢ 3xcriepiuMeHToM. OOIIYI0 TSHICHIIUIO
CMEIIEHHsI PACCUETHBIX KPUBBIX 3aKUTaHUsI B 00JIaCTh OoJiee BHICOKMX JAaBICHUH MOKHO OOBSCHUTH HEOOXOIMMOCTBIO
KOPPEKTHOTO Y4Y€Ta pa3MUyYHBIX BUIOB 3JIEKTPOHHOW 3MHCCHH C 3JIEKTPOJOB BJOIOJHEHHWE K YYTEHHOW HaMHu
BTOPUYHOU e-e-omuccud. I Teopusi, M SKCHEPUMEHT MOKAa3bIBAIOT CYLIECTBEHHOE BIIMSHUE BTOPUYHON 3JIETPOHHOM
SMUCCHH Ha KpHUBYIO 3axuranus BU-pa3psiaga B 001acTi HU3KUX TABICHUIH.

BIIJIUB TEOMETPII EJIEKTPO/IIB BU-PEAKTOPA HA KPUBY 3AIIAJIIOBAHHS PO3PSIIY
C.B. /Iyoin, O.M. /laxoe, B.O. Jlicoecvkuit, B.M. IIncmuvos

[pencraBieHi pe3yabTaTH €KCIIEPUMEHTAILHUX Ta TEOPETHYHUX JOCIIKeHb KpUBOi 3anairoBanHs BU-paspsny B
peakTopi Uil iIOHHOTO PEaKTHBHOI'O TPaBJIECHHA. 3 ypaxyBaHHSM CKJIaJIHOI reoMeTpii peakTopa 3 acUMETPUYHUMHU
€JIEKTPOJ]aMU OCHOBHY yBary OyJiO NPWAUIEHO BIUIMBY I'€OMETPUYHOro (hakTopa Ha KPHUBY 3alaliOBaHHS PO3PSIY.
ExcriepuMeHTH TOKa3anu, IO TeOMETpisl eNeKTPOAiB POOUTH ICTOTHHMH BIUIMB Ha KPHMBY 3allajIlOBaHHSI B 00JIACTi
HU3BKUX THUCKIB pobodoro razy (<50 mTopp). s numinapudHoi reoMeTpii kamMepu B 001aCTi HU3BKUX THUCKIB iCHY€
00J1acTh HEOJHO3HAYHOCTI KPWBOI 3allaliOBaHHSA, B TOM Yac sK JUIi acCHMETpUYIHOI KoHQirypamii 6mu3ekoi mo GEC
OCEpE/IKY CIIOCTEPITa€eThCs MPAKTUYHO BEPTUKAIBHE 3pOCTAHHS HAIPYTH 3aIlaJIIOBAHHS PO3PSAY P 3MEHIIEHHI THCKY
ra3y. Crocrepira€rbcsi sIKiCHa 3rojja YHCENFHUX PO3PaXyHKIB, OTPHMAaHUX 3 BHUKOpPHCTaHHAM particle-in-cell/Monte
Carlo (PIC / MCC) konmy, 3 eKCIIepUMEHTOM. 3arajbHy TEHJCHIIO 3CYBY PO3PaXyHKOBHX KPHBHX 3allaJIlOBaHHS B
00J1acTh OLJIbLI BUCOKUX THCKIB MOXKHA TOSICHUTH HEOOXIHICTIO KOPEKTHOIO BpaxyBaHHs Pi3HUX BHUJIB €NEKTPOHHOT
eMicii 3 eJeKTPOIiB B JOMOBHEHHS 1O BpPaxOBaHOI HaMH BTOPWHHOI e-e-eMicii. Sk Teopis, Tak i €KCIIEPUMEHT
NOKa3ylTh ICTOTHHH BIUIMB BTOPHHHOI €JIETPOHHIN emicii Ha KpuBy 3anairoBaHHs BU-po3psity B 001acTi HU3BKHX
THUCKIB.
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