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Abstract. This paper reviews measured and thecretical data relating to the low-
pressure discharge breakdown in oc and uniform rr fields and their combination.
The original results on determination of molecular constants of various gases
from breakdown curves obtained by the authors are given. We have investigated
the effect of the oc electric field on the rr breakdown pattern. In particular the
influence of the oc electric field on the ambiguity region of the rr discharge
breakdown curves has been determined. Breakdown equations in combined fields
have been derived and comparison has been made between these equations and

measured data. Simple analytical criteria for gas breakdown for a wide range of

parameters have been given.

1. Introduction

RF capacitively coupled discharges and combined (RF
field plus external constant electric field) discharges
are widely used in many technological processes [I—
11}. To optimize plasma technological processes it
is often necessary to know gas breakdown conditions
in a discharge device. Therefore it is of considerable
interest to simulate and measure the breakdown curves
in uniform RF and combined RF and DC fields.

The paper by Kirchner [12] was one of the
first remarkable papers devoted to RF gas breakdown.
However, the extremely large spread of breakdown
voltage values measured by him prevents one from
judging the shape of the breakdown curve. Actually,
detailed data on breakdown curves of a RF discharge in
hydrogen have been measured, for example by Githens
[13] and Chenot [14]. Hale [15] suggested a simple
model of RF gas breakdown. Pim [16] investigated RF
breakdown in air inside a gap of less than 1 mm width
between plane parallel electrodes in a frequency range
between 100 and 300 Miiz.

Kihara [17] performed a mathematical treatment
of electric discharges in gases by choosing models
simulating processes occurring when electrons collide
with gas particles, these models being based on measured
data.  Assuming the isotropic part of the electron
distribution function over velocities to be Maxweilian,
Kihara showed that if the electron temperature satisfies
a certain equation then the electron distribution function
(EDF) satisfies the Boltzmann equation—the right-hand
side of which (in the frame of adopted models) accounts
for its change due to elastic as well as inelastic collisions.
Kihara [17] applied the results obtained, in particular,
to the solution of the problem of RF breakdown for
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a uniform field and diffusion regime. The equation
determining the breakdown criterium contained a term
accounting of electron losses due to the oscillatory
motion of bulk electrons with respect to ions being at
rest. This motion of bulk electrons is due to their drift
and, as the directed velocity of electrons exceeds their
diffusional velocity, the motion occurs in phase with
changes in the RF field applied. The possible secondary
emission of electrons from the surface of electrodes has
not been taken into account. However the RF breakdown
equation has not given a satisfactory description of
measured data [13]. In trying to improve the agreement
between theory [17] and measured data [13], Sen and
Ghosh [18] suggested changing the numerical values of
the molecular constants used by Kihara [17], determining
them not from the models adopted in [17] but from
the known measured data. However, this did not give
the expected improvement. Anashkin [19] refined the
validity region of the diffusion theory applied by Kihara
[17] and established the region in the limits of which
electron depletion from the discharge gap is determined
mainly by the drift pattern of electron motion,

As is known [20, 21] in the region of small pressures
there is a region of an ambiguous dependence of RF
breakdown voitage Ugr on gas pressure p to the left of
the minimum of breakdown curves. Such an ambiguity
region is present in a RF discharge breakdown not only
by increasing the RF voltage but also by decreasing
it. On lowering the pressure the RF discharge voltage
first decreases, it passes through an inflection point
and a minimum, then it grows and approaches the
first turning point. The subsequent growth of the RF
breakdown voltage occurs with increasing gas pressure,
i.e. an ambiguity region is observed on the RF discharge
breakdown curve. Leaving the second turning point, the



RF discharge breakdown curve deflects to low pressures.
In this region, after the breakdown, the RF discharge
bums in its strong current form whereas other parts of
the breakdown curve are responsible for the weak current
form.

At the same time the combined discharge corre-
sponding to the weak current form of the RF discharge is
described by the non-monotonic dependence of the RF
discharge breakdown voltage Ugs on the applied con-
stant voltage Upc. On increasing the constant voltage the
RF breakdown voltage first grows [12, 16, 20, 22-24], ap-
proaches a maximum and then decreases [16, 20, 23, 26].
With the strong current form of the RF discharge one
observes only the monotonic decrease of RF breakdown
voltage with the constant voltage growing [16, 20].

Refinement of the agreement between measured
data and theoretical predictions may be performed in
two ways. One way [27-30)—<called microscopic—
clarifies the processes of forming distribution functions
of particles in a discharge due to collisions. The
phenomenological method chosen in this paper has been
applied earlier [17] and is convenient for constructing
breakdown models using molecular constants and, in
particular, for the treatment of technological gases. The
phenomenological approach is also based on microscopic
processes in the discharge, but it is less rigorous.

This paper studies both experimentally and theor-
etically the gas breakdown in uniform RF and combined
RF and DC fields.

2. Experimental details

The combined discharge was made in air, argon, CF4 and
other gases at low pressures (p = 10~2-10 Torr) and the
RF frequency f = 13.56 MHz. The spacing between
plane stainless steel electrodes of 100 mm in diameter
was chaoged in the limits L = 7-54 mm. DC voltages
were in the limits Upe = 0-600 V and RF voltages were
Urp = 0-1000 V.

The RF and DC voltages were applied to the same
electrodes. The RF voltage was fed to one of the
electrodes and another electrode was grounded. A
choke of 4 mH inductance was connected in parallel
to the electrodes, i.e. self-bias was absent. The potential
electrode served as an ‘anode’ (a positive DC potential
was applied to it), the grounded electrode played the role
of the ‘cathode’.

We have not employed an external ionization source
in order to study the self-sustained discharge breakdown.

The process of measuring the RF breakdown curves
differs from corresponding conventional measurements
of the DC discharge. As first pointed out by Levitskii
[20}, one should make them in a different way in
different pressure ranges. In the range of pressures
exceeding that corresponding to the minimum RF voltage
value, one can employ the conventional technique of
fixing the pressure and increasing the voltage until
breakdown occurs. In the range of lower pressures, one
should fix the voltage and increase the pressure until
breakdown occurs.
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Figure 1. pc breakdown voltage against argon pressure for
L =23 mm.

Dealing with the combined discharge, we have acted
as follows. At higher pressures we first applied the
DC voltage across the discharge gap and then increased
the RF voltage across it umniil breakdown occurred. At
lower pressures we applied DC and RF voltages across
the gap simultaneously and then increased the pressure
until breakdown was achieved.

In all cases the appearance of the active current in the
discharge circuit and of light in the discharge chamber
served as indicators of breakdown.

The accuracy of the DC breakdown woltage
measurements was =5 V near and to the right of the DC
curve minimum and +10 V to the left of the minimumm
(figure 1). The accuracy of the RF hreakdown voltage
measurements Upp was £2 V in the range Ugr < 500 V
and =5 V in the range Upg > 500 V. The time lags
of the breakdown do not exceed 3-5 s in the total
ranges of gas pressures and RF and DC voltages under
study. Considerable time lags (1—10 min) were observed
only when the electrodes were coated with materials
possessing inferior emission properties (e.g. soot [31]
or polymer filtns with complicated surface relief [32]).

3. Gas breakdown in RF and D¢ electric fields

Let us take the Kihara equation [17] for the RF gas
breakdown

B E/B
exszEp=A1pL (]HH/L%) 0

where E = Egg/+/2 is the effective RF field, p is the gas
pressure, L is the electrode spacing. A is the vacuum
wavelength of the RF field, A,, By, C; are the molecular
constants [17], and we find the first dUgg/dp and second
d*Uge/dp? derivatives. Then for the minimum and
inflection points of the RF breakdown curve we obtain
the following expressions

14 (A/2C,L) A
hin — ———— 1
p AL exP( + zch) @
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Table 1. Molecular constants Ay, By, and G,

Ay {cm Tor)™ By V em™! Torr! C,
This This This
Gas Paper [17] paper i17]  [33] [34] paper [17]
Air 3.0x01 — 220+5 — 365 —  3116x25 —
Nz — 8.5 —_ 340 342 — —_ 660
Q. 34 —_ 185 —_ — — 4016 —
Ha 7.3 2.5 170 130 130 — 1250 560
He 2.8 081 75 50 34 — 3100 5§30
Ne —_ 1.53 — 80 100 — — 730
Ar 8.0 52 184 200 180 —_ 7149 520
CF, 9.7 —_ 235 — —_ _ 3950 e
CCl, 18.0 — 615 —_ —_ — 1500 —
CH, —_ 6.2 — 300 — 182 — 750
CsFg 14.0 —_ 450 — e —_ 2300 —
SFg 22.0 — 670 — — — 3300 —
CgHiz 6.0 - 400 _ — 400 3000 —
Ugg Bo/+/2 between calculated and measured C5 values; the reason
(;[T T T A20L) (3) being that at low gas pressures (near and to the left of
i 2 the RF discharge breakdown curve minimum) eleciron
Ugp B, /Ji emission from electrodes plays an important role in the
p—L  fection = 25 (A2C,L) (A/2C,L) (4) breakdown—the model in [17] has not included this

It is easy to solve equations (2)—(4) for molecular
constants 4, By and Cs:

z=51‘—8-21% ()

w= e (14 50r) ©

e () o

m=vi(2), (i) ©
where

e

Table | gives the values of molecular constants
Ay, By and C, for different gases calculated according
to equations (5)—(8) from our measured data on RF
discharge breakdown curves (see figures 3, 5 and 8
later). The values of molecular constants A, and By from
table 1 describe well the measured breakdown curves of
the RF discharge in the range of interelectrode spacings
L &~ 15-55 mm. For L £ 15 mm the values of A,
and By depend on L and one should perform additional
measurements to clarify this dependence. The resulis of
such studies will be published elsewhere.

The values of the coastant By obtained from
equations (7) and (8) are close to each other (for air
By = 220 £ 5, see figure 3). As is seen f{rom
table 1, the measured values of the constant C; in
this work are larger than those obtained theoretically
[17]. Already, Kihara has pointed out the divergence
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effect. The influence of surface effects on RF discharge
breakdown curves has been studied in detail [31].

The DC breakdown equation is
ple -1 =1 (10)

where « and y are the first and second Townsend’s
coefficients. If « is inserted in (10) in the form

o = Apgpexp (—ngf)

where Ay is the molecular constant [17], then for the DC
breakdown voliage it is easy to obtain that

(11)

BQPL

= W(pLAg/ T (12)

Ubc

where T" = In[(1 4+ y)/y]. Putting the first and second
derivatives of Upe over pL equal to zero we find the
expressions for the minimum and inflection points of
the DC breakdown curve:

r
(PL)min = ——¢
° (13)

o) L v BT ,
; oy = — ; g = ——¢€

P L Jinflection AO DC.inflection 5 AO
where ¢ is the base of natural logarithms. Dividing the
pressure and voltage at the inflection points by pressure
and voltage at the minimum point we can write the

following relations

Ubcinflection _ €
2

Ubc. min
Pinflection

(14)

Pmin



Kropotov ef al [21] obtained for the RF breakdown that

U infiection _ E
URE. min 2 a5
RF.inflecti
€ PRF ioflsction <
2 PRF. min

Figure 1 shows that for the DC breakdown curve in argon
that we have measured

Une inflection ~ 131

UDC. min (1 6)
Pinfiection ~ 267
Priin

i.e. the calculated values (14} are supported by measured
data satisfactorily.

As is known [35] precise measurement of the
location of the breakdown curve minimum makes it
possible to calculate the molecular constant By values
for any gas under study without knowing the emission
properties of the electrode material

Unc _
(pT)m = Bo. an

However relations (13) show that one can determine
the molecular constant By from measured data on the
breakdown curve inflection point

B
(U_) ) as)
pL inflection 2

The value (Upc/pL)mic = (Epc/p)min at the
minimum (17) corresponds to Stoletov’s point where the
ionization ability of the electron n = o/ Epc = Ag/(Bge)
is maximum [35]. However, at the inflection point (18)
the ionization ability of the electron is 1/2e less than at
the breakdown curve minimum point.

Using equations (17) and (18) as well as DC
breakdown curves measured here, we obtain for argon
By = 220 & 5, for air By = 446 + 5, for CF,
By = 728 £ 5. Comparison of values obtained from
DC breakdown curves with By from table 1 gives that
(Bo)oc > (Bp)re- The same conclusion may also be
drawn from the results of Githens [13] for hydrogen:
for E—chamber (Bg)pc = 193, {Bo)rr = 144; for A-
chamber (Bp)pc = 254, (By)re = 178. The constant By
is the ‘effective’ ionization potential [35] which includes
not only energy losses by electrons due to excitation of
electron oscillatory and rotational levels of molecules but
also losses of the electrons themselves (e.g. attachment
of electrons to molecules). In the DC electric field, an
electron, having ionized or excited a certain amount of
gas molecules, is lost at the anode due to the drift in
the DC electric field. In the RF field electrons are lost at
electrodes only from a definite region with the width the
A = KEgpp/w (K is the electron mobility, w = 2x f)
near each of the electrodes. The rest of electrons remain
in the interelectrode gap due to oscillations in the RF
field. Therefore with RF breakdown electron losses
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Figure 2. rF breakdown voltage against air pressure for
L =20 mm. Curve 1 is for stainless steel electrodes; curve
2 is for duraluminium electrodes [31].
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Figure 3. rr breakdown voltage against air pressure for
L =23 mm and different oc voltages.
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Figure 4. rr breakdown voltage against the oc voltage for
L =23 mm and different air pressures.
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are remarkably lower. Besides, with DC breakdown,
electrons colliding with molecules only lose their energy,
whereas with RF breakdown the presence of collisions is
one of the conditions for electrons to gain energy [36].
Perhaps this is the reason for {Bg)pc > (Bolrr.

The value of the constant Ag can be determined
from equations (12) and (13) only if one knows the ion—
electron emission coefficient ¥ of the electrode material
exactly. As we were not in possession of the equipment
to measure y, the constant Ag has not been measured.

To the right of the inflection point of the DC
breakdown curves we measured for air and arcon are
in good agreement with those from the literature [37].

The appearance of the inflection points at DC
breakdown curves has also been observed previously
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Figure 5. mr breakdown voltage against argon pressure
for L == 23 mm and different oc voltages. (a) symbols
denote measured data and curves give calculated data
(calculation from equation (21)); —, Upc =0;

—_—— 25V, — . — 50 V; —..—, 100 V. (b) Symbols
denote measured data and curves give calculated data:
——, calculation from equation (26) (Upc = 150 V),

— —~ —, calculation from equation (26), Upe = 300 V,

— . —, calculation from equation (27}, Upc =300V,

— . . —, calculation from equation (29), Upc =300 V.
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Figure 6. rr breakdown voltage against oc voltage for
L = 23 mm and different argon pressures,

{38—40]. Obviously, the inflection point presence in the
breakdown curve is theoretically due to the complicated
dependence of the first Townsend coefficient on the
electric field E. However, the inflection point is also of
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Figure 7. Relative width of the ambiguity region against
the oc voltage for air, CF4 and argen; L = 23 mm.

interest in other ways. RF breakdown curves depend on
the electrode material only for pressures p < Pinfiection
[31] whereas for p > Pingection RF breakdown curves
are close for electrodes of various materials (figure 2).
In section 4 we show that if RF and DC clectric fields
are applied simultancously then the strongest decrease
of the breakdown RF voltage at DC voltages close
to the discharge DC breakdown potential begins just
at the pressure p = Pigecion (S6€ figures 3, 5(b)
and 8). From these results one may conclude that
surface phenomena (ion—clectron and secondary electron
emissions) participate at pressures p < Pigflection; at
DIESSULES P > Pinflection VOlUMe phenomena dominate,
i.e. ionization of gas molecules by an electron impact.

4. Gas breakdown in combined fields
(experimental)

At the limits of the ambiguity region the RF discharge
breakdown curve passes through two turning points. Let
us denote the gas pressure at the left boundary of the
ambiguity region by p, and the respective pressure
value at the right boundary by ps. Let us introduce the
relative width of the ambiguity region ! = (ps — p1)/ 1.
The difference of pressures at two tuming points is
divided by p; because, for different electrode spacings
L, the ambiguity region may be located in different
pressure ranges. For example, for air and L = 7.5 mm
the ambiguity region is in the region of 6.4-7 Torr and
for L = 23 mm it is in the region of 0.19-0.24 Torr.
For CF, at L < 10 mm the ambiguity region is not
observed; at L = 23 mm it lies in the region of 0.1-
0.17 Torr and at L = 29 mm it is in the region of
0.05-0.09 Torr. Therefore it is expedient to choose the
quantity { = (p2 — p1)/p: to describe the behaviour of
the ambiguity region [26].

It was established in the course of these studies that
the small DC voltage induces a noticeable increase of
the RF breakdown voltage at the right-hand branch of
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Figure 8. (a), (b) rr breakdown voltage against air pressure for L = 7.5 mm
and different oc voltages. {¢) rr breakdown voltage against oc voltage for

L = 7.5 mm and different air pressures.

the breakdown curves (figures 3 and 4 give the data for
air, and figures 5 and 6 for argon). On increasing the
DC voltage the width [ decreases approximately linearly
(fisure 7) and the minimum of the breakdown curve
is shifted to higher pressures. At large DC voltages
when the DC field contributes to the gas ionization, the
RF breakdown voltage approaches the maximum value
and then it decreases, approaching zero when the DC
voltage becomes equal to the breakdown potential of
the DC discharge (figures 4 and 6). The minimum of
the breakdown curve shifts to lower pressures and the
ambiguily region appears again at the left-hand branch
(figures 3 and 5), its width ! increasing linearly with
growing DC voltage. At large RF voltages the left-
hand branches of the breakdown curves of the combined
discharge approach asymptotically the RF dicharge
breakdown curve without the DC voltage. Figures 3 and
5 show that the appearance of the ambignity region at
large DC voltages is observed at RF voltages exceeding
or approximately equal to the DC voltage (Urg 2 Upc).

For CF, at small DC voltages {(Upc < 30 V) the RF
breakdown voltage grows considerably slower with the
DC voltage increasing than for argon and air and only
for higher DC voltage values the RF breakdown voltage
grows considerably with the DC voltage increasing. At
the same time the ambiguity region is more pronounced
in CF, at large DC voltages and Ugg < Upe than in air
and argon.

For small electrode spacings (L < 10 mm) the
ambiguity region is weakly proncunced and to remove
it is sufficient to apply DC voltage Upe ~ 25 V
(figure 8). For small spacings L the second minimum
may appear al the RF discharge breakdown curve as
has been shown previously [13,20]. The enhancement
of the DC voltage leads to the disappearance of the
minimum corresponding to the weak current form of
the RF discharge. On the breakdown curves of the
combined discharge there remains only the second
minimum corresponding to the strong current form of the
RF discharge. For small spacings L there is no ambiguity
region at large DC voltages Upc and Upr 2 Upc.

In contrast to the result of Levitskit [20] we obtained
that, at the section of the breakdown curve corresponding
to the strong current form of the RF discharge (near and
to the left of the second minimum in figure 8(a)), the
increase of the DC voltage at first induces a small growth
of the RF breakdown voltage Upr ~ 5-30 V (figure 8(c))
and only at higher DC voltages does the RF breakdown
voltage approach zero. In the region where weak current
RF discharge occurs the behaviour of breakdown curves
of the combined discharge agrees with that of Levitskii
[20]. We have noted a misprint in the caption to figure 6
that work [20]. Instead of p = 70 mm Hg one should
read p = 7 mm Hg. If we take this correction into
account, complete agreement between our results and
those of Levitskii [20] in the total Upc range is obtained.
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Qur resulis also agree qualitatively with those of Pim
[16] obtained for higher frequencies and smaller gaps.

5. Gas breakdown in combined fields (theory)

It is difficult to interpret the results obtained for an
arbitrary ratio of the RF and DC field amplitudes.
Therefore, for simplicity, we consider two limiting cases.

5.1. Weak DC field

Consider first the RF discharge with a small DC electric
field applied to it; the DC ficld does not contribute to gas
ionization. Then in the criteria of RF breakdown [17]

qu: Vi
D =1 (19)
where Agp = Lpgp/m is the diffusional length of the
discharge vessel in the presence of a RF field, Lgr =

— (2K Egg)/w. Egp is the RF field amplitude, v is
the ionization frequency, D is the diffusion coefficient,
K is the electron mobility, @ = 2w f. Instead of App
the diffusionat length of the vessel for the simultancous
action of RF and weak DC electric fields Ape = Lpe/m
may be used [41,42]:

-1/2
=1 14 { 222228
Loc RE i: (ZJrD/K) } 20)

where Fpc is the DC electric field value. After changing
v, D and K with expressions from [12] we come to the
equation governing RF breakdown with a superimposed
weak DC electric field:

B
ArpL (1 _E/_UE)

CL/A
Bop Epc E/Byp
= 1 i— A;pL
GXP(ZE){ +[ERF GLjn )P
cip /292y 1/2
x| = 21
()]} 2
where ¢;, ¢ and o are molecular constants tabulated in

[17]. A is the vacuum wavelength of the RF field and

E = Egg/~/2. For Epc = 0 we recover from equation
(21) the Kihara equation (1). For p 2 Pisflection and

Upc 220V
Enc E/Bop cip\ /2]
Di=j—1(1- AyjpL | — ;
! [ERF ( CzL/A 1P (20’) > 1

(22)
Therefore equation (21) reduces to
B 2 ]f'l
exp .O_P) = E _.E : (23)
2E Epc \cip
For p; € P < Dioflection and Upc € 150V
D 5L 24
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Kihara [17] obtained the equation (1) for RF
breakdown using the drift diffusional approach, i.e.
for v, » w (v, is the frequency of collisions
between electrons and gas molecules}. On deriving the
breakdown equation in the combined field we have also
employed the drift diffusional approach, therefore the
effective RF ficld is assumed as £ = Egg/+/2Z and not
E = v Ege/[2(0} + @?)]/? as suggested in [41).

In contrast to the breakdown equation obtained
in [24], equation (21) permits one o consider the
action of the DC field on the ambiguity region.
Comparing theoretical and experimental breakdown
curves (figure 5(a)) one sees that breakdown curves
calculated from equation (21) agree satisfactorily with
measured breakdown curves in the region where (21) is
applicable.

The behaviour of the ambiguity region described
above for small DC voltages may be explained as
follows. To ignite the discharge it is necessary that
the number of charged particles arising as a resuit of
ionization of gas molecules by electron impact be equal
to the number of particles leaving the volume because
of diffusion and drift in the DC electric field.

First consider the reason for the ambiguity region to
appear during the RF breakdown (there is no DC electric
field). Let U denote the RF voltage value corresponding
to the first turning point of the RF discharge breakdown
curve. Let the RF voltage applied across the electrodes
exceed U/; a little but still too low to cause secondary
glectron emission from the electrodes. Then at the
pressure p = p, breakdown cannot occur because during
the half period of the RF field the electrons are displaced
at a distance exceeding hall the interelectrode spacing
and most of the electrons leave the discharge gap without
ionizing the number of gas molecules necessary for RF
discharge breakdown. For the RF breakdown to occur
it is necessary either to apply a sufficiently large RF
voltage that would induce secondary electron emission
from electrodes or to enhance the pressure, i.e. to supply
a large number of gas molecules in the path of exiting
electrons. Therefore at Uye = U, the breakdown curve
moves to the region of larger pressures, i.¢. the ambiguity
region arises. If the electrons can cross almost all
the interelectrode gap during a half period of the RF
field, gain a considerable amount of energy and cause
secondary electron cmission from electrodes, then the
breakdown curve of the RF discharge passes through the
second turning point and then deflects to the region of
lower pressure.

Simultaneous application of a RF and a small DC
field induces an enhanced drift of electrons to the
electrodes, losses of charged particles increase, therefore
the discharge may be ignited only at higher RF voltages
and gas pressures (the minimum and turning points of
the discharge curve corresponding to the weak current
RF discharge are shifted to higher pressures and RF
voltages). If the RF voltage and pressure values are
such that during a half period of the RF field the
electron passes through a distance exceeding half the
interelectrode gap and gains (in the combined field) the



energy necessary to give a secondary electron, then the
ambiguity region disappears.

At larger DC voltages when the DC field contributes
to the ionization of gas molecules by electrons and
causes ion—electron emission from the surface of
¢lectrodes the discharge may be ignited at lower gas
pressures and RF voltages. In this case we go beyond
the applicability limits of equation (21).

5.2, Strong DC field

Here we consider the DC voliage to be close to the

breakdown potential of the DC discharge, therefore we

take equation (10) as the first approximation and instead

of the DC field Epc we introduce, according to [41], the
effective field Euy

2 2

2 _ p2 v Egr

El = Epc + 7 _:wz S (25)

where v, is the rate of electron—atom collisions. Then

the following breakdown equation is

2002 + o?) BoplL ’ ”
Ugp = { vcﬂ [(IH(AOPL/ r)) UDC:H .

(26)
As seen in figure 5(b) in the applicability region of
equation (26), breakdown curves calculated from (26)
agree satisfactorily with measured breakdown curves.
At low pressures (to the right of the turning point
of the breakdown curve of the RF discharge, p <
1) the displacement amplitude of electrons in the RF
field becomes comparable to the interelecirode spacing.
Therefore we account for the effect the RF oscillations
of electrons have on the breakdown in the DC field by
changing the interelectrode spacing L by Lgg. Then
the breakdown equation in combined fields assumes the

form 5 .
AopLrrexp (— 0P ) Y o
Ees ¥

For large DC voltages U/pe, low pressures and RF
voltages Upr 2 Upc, the measured breakdown curve
deflects to the region of lower pressures. Let us try
to explain this phenomenon, considering the breakdown
evolution at various moments of the RF field period.
During the half period of the RF field, when the DC
and RF voltages combine, electrons gain energy in
the "total effective E.r and are lost to the electrode
not jonizing a sufficient pumber of gas molecules to
break the discharge. Ions formed due to gas molecule
ionization are accelerated in the DC field and collide
with electrodes inducing the ion—e¢lectron emission. Due
to the small rate of ionizing collisions this half period
is unfavourable for igniting the discharge. Puring the
other half of the RF field period, when the DC and RF
field cancel, electrons gain energy in a comparatively
small field E*

U2 E2 1/2
E* = (uz - % - Egc) (28)
¢

Low-pressure gas breakdown in combined fialds

and they may perform a sufficient number of tonizing
collisions to ignite the discharge before they are lost on
the electrode. Ion—electron emission from the electrodes
is then the additional source of charged particles because
inert ions are not subject to the influence of the RF
field and they are accelerated only in the DC field.
The secondary electron emission may also appear. The
breakdown occurs, perhaps, just during this half period
of the RF field and it develops as a RF breakdown with
the change of the interelectrode spacing L for Lpc:

B
A\ pLpc = exp (2;‘2) . (29)

Ion—electron emission helps to ignite the discharge
at lower gas pressures. However, the increase of
the RF voltage helps the electrons te pass through
the interelectrode gap not only during the first but
also during the second half period of the RF field.
Electron losses on the electrodes grow and the discharge
breakdown may now occur only at higher pressures.
The breakdown curve passes through the turning point
and the ambiguity region appears again at the left-hand
branch.

Figure 5(b) shows that the measured curve agrees
satisfactorily with equations (27) and (29) at RF voltages
Urr < Upc and Ugp 2 Upe respectively.

To conclude this section let us discuss the validity
conditions of the drift diffusional approximation in
describing the role of the effective RF field in the
discharge in combined fields. The possibility of applying
the drift diffusional approach to the description of the
effective RF field is associated with the magnitude of
the DC electric field. This relationship refiects the fact
that a weak DC electric field mainly increases the losses
of charged particles whereas strong DC fields leads to
ionization and an increase in the number of charged
particles.

At moderate electrode spacings (L < 2.5 ¢cm) when
the breakdown curves of RF and combined discharges
lie in the region of sufficiently large gas pressures (v; 3>
@), the drift diffusional approach can be applied and
equations {25), (26) and (28) are simplified:

2 2 EéF

Er = Epc + TN (30)
142
BopL : 2

Upp = A2 _TF" ) -

=2 [ (In(AopL/r)) Ure GD
. E2 172

E* = (% - Egc) . (32)

However, at larger spacings L > 2.5 cm the breakdown
curves of the combined discharge lie in the pressure
region where v, 2 @ (especially at large DC voltages
Upc) and the drift diffusional approach is not applicabie,
For example, at L = 3 cm the minimum of the RF
discharge breakdown curve is attained at pressures p =
0.1 Torr. For argon v, &~ 5.3 x 10°p s~! Torr™! [33],

2347



¥V A Lisovsky and V D Yegorenkov

therefore at p = 0.1 Torr v, = 5.3 x 10° 5™, With
the RF generator frequency f = 13.56 MHz this gives
v./w = 6. Bul the application of a weak DC voltage Upc
shifts the breakdown curve of the combined discharge to
the region of higher pressures, the ratio v, /e increases
and the drift diffusional approach is quite applicable.
At larger DC voltages Upc the breakdown curve of
the combined discharge shifts to lower pressures. For
example, at Upe = 600 V the breakdown curve in
argon in the ambiguity region approaches the pressure
p ~= 0.05 Torr and in CF4 under similar conditions the
pressure is p = (.03 Torr. The ratio v, /e becomes of the
order of unity, therefore with strong DC electric fields we
should use equations (25), (263 and (28) to describe the
measured breakdown curves. Returning to the weak DC
field case, we note that direct calculations have shown
that equation (21) with constants A,, By and C; taken
from table 1, describes the measured data satisfactorily
not only at moderate L but also at L ~ 4-5 cm relating
to the region where the drift diffusional approach is no
longer applicable. Therefore it was not necessary to
derive the gas breakdown equation in combined fields
for a weak DC electric field at v, & w.

6. Conclusions

This paper analyses the equations of gas breakdown in
RF and DC electric fields. On the grounds of measured
breakdown curves for various gases we have obtained
the molecular constants used by Kihara in the theory
of RF breakdown. We have also studied the influence
of the DC electric field on the RF breakdown of the
discharge and, in particular, we determine its influence
on the size of the region where the RF breakdown voliage
depends on pressure ambiguously. The relative width
of the ambiguity region ! is shown to decrease linearly
up to zero on increasing the DC voltage. At large
DC voltages, when the DC field contributes to the gas
ionization, the ambiguily region appears again at the
lefi-hand branch of the breakdown curve, its width /
increasing linearly with increasing DC voltage. We have
also derived the breakdown equations for the combined
field for different ratios of RF and DC field values, The
results of calculations agree satisfactortly with measured
data on breakdown curves within the applicability limits
of the equations obtained.
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