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Non-equilibrium effects associated with spatial and temporal nonlocality between electron energy
distribution and electromagnetic field in gas discharge plasmas at low gas pressures are reviewed in this
paper. Formation of non-equilibrium EEDF is discussed for capacitive and inductive rf discharges. The
possibility of electron temperature control is considered for gas discharge plasmas at non-equilibrium
condition.

1. Introduction

Partially ionized gas discharge plasmas at low gas pressures are always in a non-equilibrium state. In particular,
in such plasmas, electrons are not in a thermal equilibrium with neutral species and ions. Indeed, the electron
temperature, T 1s much larger than the temperature of ions, T; and of neutrals T, (T, >> T; > T,). In addition,
electrons are also not in equilibrium within their own ensemble, which results in a significant departure of the
electron energy distribution function (EEDF), F(¢) from the equilibrium Maxwellian distribution. The main
reason for this is the absence of a thermodynamic equilibrium between direct and reverse processes. For
example, electron-ion creation and gas excitation are due to the impact of fast electrons in the plasma volume,
while electron and radiation loss are due to plasma and radiation escape to the wall. Although, in general,
Coulomb electron-electron collisions tend to support a Maxwellian EEDF, in gas discharge plasmas, the
collision rate is usually too small, in order to bring the bulk of low energy electrons to an equilibrium with the
high energy electrons responsible for inelastic collisions. Gas discharge plasmas are frequently called non-
equilibrium, non-isothermal plasmas.

In this paper, we consider a different kind of non-equilibrium, namely, the spatial and/or temporal non-
equilibrium between the electric field, E that sustains gas discharge plasma and the electron energy distribution,
F(¢) that defines the plasma parameters and the rates of plasma-chemical processes, (E/F-non-equilibrium). An
example of an extreme spatial non-equilibrium state is the plasma created by an electron beam, where electron
acceleration takes place in an electron gun outside the plasma. A well known example of a temporal non-
equilibrium state is the absence of rf oscillations in plasma parameters of rf discharges when the driving
frequency is much larger than frequency of the electron energy loss.

In the last decades, low pressure rf discharges found wide applications in many branches of modern technology.
A better understanding of rf discharges revealed the fundamental role of non-local and non-equilibrium



processes created by the electron thermal motion in a non-uniform plasma with a non-uniform electromagnetic
field. Non-local electron kinetic effects [1-11], non-local electrodynamics [12-24] (like collisionless power
absorption) and nonlinear phenomena at the plasma boundary in the rf sheath [2, 3, 25-28] and in the skin layer
[29-35] are typical for low pressure rf discharges.

This paper is organized as follows. Basic processes in gas discharge plasmas when EEDF and thus other plasma
parameters are in equilibrium with the electromagnetic field are analyzed in section 2 of the paper. Specifics of
EEDF in the case of a non-uniform field and spatial non-locality are considered in section 3. Formation of non-
equilibrium EEDF in low pressure capacitively coupled plasmas (CCP) and inductively coupled plasma (ICP)
are considered in sections 4 and 5, respectively. Examples of EEDF control under conditions of temporal and
spatial non-equilibrium are given in section 6. The paper ends with summarizing conclusions in section 7.

2. Plasma equilibrium in uniform heating field

Consider the classic approach to steady-state gas discharge plasmas. For given discharge geometry, kind of gas
with pressure p, and power delivered to plasma electrons (i.e., discharge power Py), the basic plasma parameters
(the electron temperature T, and the plasma density n) are determined by the ionization and electron energy
balance. The ionization balance, governed by the continuity and momentum equations for the neutral plasma
(n. = n; = n) with the Bohm criterion as the plasma boundary condition, yields the plasma spatial distribution
n(r) and the ionization frequency z as an eigenvalue of the problem.

In the approximation of the Maxwellian electron energy distribution function (EEDF), F(¢g), and in the absence
of nonlinear (with respect to the plasma density) processes of particle gain and loss (like stepwise ionization,
attachment and volume recombination), the ionization frequency z found from the transport equations is a
function of Te, p and A, z; = z(Te,p,A), and is independent of the discharge power and the plasma density. Here,
p is the gas pressure and A is the characteristic size of the bounded plasma. This specific value of z provides
the equilibrium between the volume plasma production and plasma loss to the wall, z<n>V = vs<n;>S, where
<n> is the volume averaged plasma density, <n;> is the surface averaged plasma density at the plasma
boundary, V is the plasma volume, S the boundary surface (V/S =~ A), and v = (T/M)"? is the ion sound speed.

On the other hand, ionization in the plasma volume is provided by collisions of fast electrons with molecules.
The corresponding ionization frequency of this kinetic process is zx = N[v.0i], and is therefore a function of the
electron temperature and gas pressure, zx = zi(Te,p). Here, N = p/T, is the gas density, v, is the electron
velocity, G;is the ionization cross section, and [ ] denotes averaging over the EEDF. Equating z(T.,p,A) and
zk(Te,p), we find for Maxwellian EEDF:

<NP>V/<n>A =z =z = CpTel/z(1+2Te/81)exp(-81/Te),

where <n;>/<n> is a function of pA, and C is a constant that depends on the particular gas [36]. Thus, in
bounded gas discharge plasmas with a given kind of gas, the electron temperature is a function of the product
pA and does not depend on the discharge power or the plasma density. Moreover, the electron temperature does
not depend on the particular method of electron heating (T, is determined only by the ionization balance).
Hence, T. = Te(pA) for all kinds of discharges, i.e., for dc, rf or microwave plasmas.

The electron energy balance for gas discharge plasmas provides equilibrium between the discharge power Py,
delivered from an external power source to the plasma electrons, and the electron loss power Q., associated with



electron-atom collisions and the escape of charged particles to the wall. In general, the energy balance equation
has the form: Py = Q. = 3/2-T<n>V, where & = Q.'dQ./dt is the frequency of the electron energy loss.
Accounting for all electron energy loss mechanisms, we obtain [37]:

E=2vm/M + Z2v*e*/3T, + z{2¢&/3T. + (4/3) + 5 [1+ In(M/2tm)]}.

Here m is the electron mass and M is the ion mass, v the electron-atom collision frequency and v* is the
excitation collision frequency, €* the excitation energy and ¢€; is the ionization energy. The first term on the
right-hand side accounts for the electron elastic loss (gas heating); the second term accounts for atom
excitations; and the last term accounts for wall losses, including ionization loss, electron escape to the wall and
ion acceleration in the plasma ambipolar field and in the wall sheath. In fact, the electron thermal energy creates
an ambipolar potential and an ion acceleration voltage across the wall sheath. Note that & depends on the
electron temperature and is therefore a function of pA, independent of the discharge power and plasma density.

It should be noted that in some types of discharges, a significant (and in some case, the major) part of power
from an external power source goes directly to ion acceleration. Examples of such discharges are: low pressure
and high voltage CCPs where the main rf power absorption is associated with ion acceleration in rf sheaths
(outside the plasma) [38,39], and Hall thrusters where ions are accelerated by dc electric field across magnetic
field that suppress electron conductivity [40,41]. For such discharges the discharge energy balance should
account for both, electron and direct ion heating.

A remarkable consequence of the electron energy balance in self sustained gas discharge plasmas is that the
total number of plasma electrons (ions) N, satisfies the relationship: N, = <n>V = 2P4/3ET.. Hence, for a fixed
plasma volume V, the plasma density n is determined only by the discharge power and by the product pA, and
is independent of the specific electron heating mechanism. Thus, the type of the low pressure discharge (dc, rf,
mw) has no effect on the electron temperature and the plasma density for a given gas pressure, discharge
geometry and power transferred to plasma electrons. This result is supported by experimental data [42] where
similar processing rates were found for different kind of discharges.

When a uniform plasma along the heating electric field (Vn-E = 0) is maintained by a uniform electric field with
an rms value E, and can be described adequately by the plasma conductivity 6, = e’n/m(Vess + jo), the discharge
power is Pq = VRe[E2<(5p>]. Equating P4 and Q. one obtains:

E” = 3TmEvei(1+0 Ver)/2¢%,

where E is a function of pA and ®w/v.s and is independent of the discharge power and plasma density. Note that
the effective electron collision frequency v.s may account for both collisional and collisionless heating
processes [14, 36], and the collisional part of v can be essentially different for dc and rf fields [43]. Since in
steady state plasmas the plasma density is proportional to the discharge power, the electric field E, as well as the
electron temperature T, are frozen at some equilibrium level that provide the ionization and electron energy
balance. The plasma electric field is not affected by a slow increase in the discharge power if the plasma
parameters remain in equilibrium with the rising power (Pg'dPg/dt << z). In real plasmas, due to nonlinear
processes (such as stepwise ionization and EEDF dependence on the plasma density) the electric field slightly
drops with the discharge current. This is a well known effect of negative V/A characteristics of gas discharge
plasmas.



The considerations above for uniform electric fields and uniform electron temperatures are also true for low
pressure discharges with non Maxwellian EEDF as well as in the presence of nonlinear particle gain/loss effects
(that usually play a secondary role). In this case, the EEDF and its scalar integrals (plasma density, effective
electron temperature Tep = 1/3m[vez] and rates of elastic and inelastic collisions) are in equilibrium with the
plasma sustaining electric field. The equilibrium EEDF is a result of the interplay between the electron energy
gain in the electric field and the energy loss due to electron collisions with atoms, wall losses and electron
energy redistribution caused by electron-electron collisions. Usually the EEDF is essentially different in elastic
(e < &%) and inelastic (¢ > €*) electron energy ranges (¢* is the excitation energy). For € < €*, the EEDF is
mainly governed by the function v(g), the ratio /v, and by the electron-electron collision frequency ve.. For €
> ¢* the EEDF is mainly governed by the electron inelastic collisions (excitation and ionization) and by the
electron escape to the wall.

3. Plasma in non-uniform heating field

For low pressure dc and rf discharges in laboratory and in industrial applications, the plasma frequency ®, =
(4me’n/m)"? is always much greater than the frequency ® of an externally applied plasma sustaining
electromagnetic field (@, >> ®). Under such conditions, the electromagnetic field is usually localized in a
narrow boundary layer of width & (skin depth in ICP, rf sheath width in CCP and cathode fall in dc glow
discharge, GD), and the bounded non-uniform discharge plasma is sustained by a non-uniform heating field.
The main electron heating process usually occurs in the boundary layer that constitutes just a small fraction of
the whole discharge volume, & < A. The heating electromagnetic field can also be localized in a small area in
the plasma bulk, when an external electromagnetic wave propagates deep into magnetized helicon and ECR
plasmas [44, 45].

In bounded non-uniform plasmas, the lifetime of an average electron is too short to reach thermal equilibrium
with atoms and ions. For that reason, in low pressure gas discharges, the electron temperature is much larger
than the gas and ion temperatures. During its lifetime, an averaged electron bounces many times between
discharge chamber walls in the potential well formed by the ambipolar potential ¢ < O and the wall sheaths. At
sufficiently low gas pressures (for argon roughly at pA <1 Torr-cm), when the electron energy relaxation length
Ae= 7»(V/§)1/2 (where L = vov™' is the electron free path with respect to the momentum transfer) is much larger
than the plasma size (A >> A), an electron collides with atoms and crosses the plasma practically without
changes in its total energy €= vamve” + ed = const. Under such conditions, which correspond to the limit of
non-local electron kinetics [5-7], the electron energy distribution as a function of the electron total energy, F(e),
is almost uniform, i.e.,VF(¢) = 0 over the electron accessible area (¢ > 0), and the plasma parameters Te, n, v,
v* and v; are non-local functions of the non-uniform heating electric field. Plasma electrons behave like a gas
with infinite thermo-conductivity, and plasma parameter distributions are practically not correlated with the
heating electromagnetic field distribution. In this case the mean electron kinetic energy <e,> = <Y4mv,>> and
the effective electron temperature Ty = %3<€,> are not in equilibrium with the local electric field. The electron
total energy and other plasma parameters, however, are in integral equilibrium with some spatially averaged
electromagnetic field. On the other hand, for the local limit, when A, << A, the electron energy distribution
F(¢e), the electron temperature as well as the rates of electron collisions are local functions of the electric field.
This case yields the local equilibrium between plasma parameters and the electric field, considered in the
previous section.



Examples of non-locality features are given in Figs. 1 and 2 where plasma parameters and electron energy
distributions were measured at different axial positions in a low pressure cylindrical ICP driven with flat spiral
antenna at 6.78 MHz [22]. As can be seen in Fig.1, axial distributions of the electron temperature, plasma
density and of the negative plasma potential are quite symmetrical with respect to the plasma midplane, in spite
of the rf heating localized within a narrow skin layer (8/2 = 1 cm) on the coil side of the chamber (left in Fig.
1). In Fig. 2, the electron energy distribution, expressed in the terms of the electron energy probability function
EEPF, f(e) ~ £ *F(e) that is measured at different distances from the quartz window (separating the plasma and
rf coil), demonstrates the basic feature of non-local electron kinetics: the values of f(e = Yamv.* + ed) measured
at different positions in a non-uniform plasma with a non-uniform heating electric field are practically the same.

In practice, usually neither of the limiting cases occurs. In fact, in low pressure gas discharge plasmas (pA < 1
Torr-cm), although the electron kinetics are typically non-local, they do not correspond to any of the limiting
cases. Due to a large disparity in values of A for slow and fast electrons, the electrons in the elastic energy
range (€ < %), which account for the overwhelming majority of the electron population, exhibit mainly a non-
local behavior:

Ae<er = M2M/M + Ve/v) 2 >> A,

while the electrons in the inelastic energy range (€ > €*) behave nearly locally:
7\4£>£* ~ }\'(V/g)]/z S A.

In this typical situation of plasma processing applications, the plasma uniformity control can be attained with a
proper localization of the rf field, enhancing locally the high energy electron group that is responsible for the
1onization process, while leaving the overwhelming low energy electron group to obey non-local kinetics.

A well-known example of strongly non-equilibrium conditions is the negative glow (NG) of a dc glow
discharge. In a NG, plasma is produced by a swarm of high energy electrons, generated in the high voltage
cathode sheath. The mean energy of those electrons is much larger than the electron energy in the positive
column (PC), where the electron temperature is in equilibrium with the electric field. Therefore, the ionizing
ability of these high energy electrons is much larger than that in the PC. The intense ionization in NG results in
a self-organized structure where the plasma density is much larger than that in the PC, and the electron
temperature and electric field are much smaller than those in the PC [46-49].

The EEDF of a NG differs significantly from the equilibrium EEDF observed in the positive column; it consists
of a very small fraction of high energy electrons generated in the cathode sheath, and of the main body of cold
electrons with their temperature close to the room temperature [46]. These cold electrons are not able to
overcome the potential barrier of the cathode sheath where the electron heating occurs and they cannot be
heated by the weak field in the NG. Thus, injection of hot electrons into the NG results in cooling of the main
body of electrons.

Such a paradoxical, but rather universal feature of weakly ionized gas discharge plasmas, occurs “naturally” in
different kinds of low pressure dc and rf discharges and manifests itself by an EEDF having a two-temperature
structure in the elastic energy range. Examples of such phenomenon are a low energy peak in EEDF in the
negative glow, in capacitive rf discharges, both in the o [1, 50 ] and in the Y [51, 52] modes, and in inductive rf
discharges in the regime of anomalous skin effects [53, 54]. In all those cases, the EEDF is not in the local
equilibrium with the heating electric field.



4. Non-equilibrium EEDF in CCP

Let us consider in more detail the formation of non-equilibrium EEDF for capacitive coupled plasma (CCP).
Fig. 3 shows the evolution of EEPF ~ £"*F(g) with argon pressure, measured in the midplane of a 2 cm gap
capacitively coupled discharge, driven at 13.56 MHz [1]. For relatively large argon pressures, in the collision-
dominated regime (A < A, v> >> %), collisional rf power absorption takes place over the plasma volume, with
EEDF and corresponding plasma parameters close to the equilibrium with rf electric field. In this case, the
EEPF is Druyvesteyn-like, which is typical for Ramsauer gases at v>>> o in the absence of “Maxwellizing”
e-e collisions. With a reduction in argon pressure or/and an increase in discharge current, electron heating
localizes at the plasma boundary, and the convex EEPF becomes concave and can be represented as a bi-
Maxwellian distribution. In this case, the discharge transits into the sheath heating mode. Depending on gas
pressures, the heating mechanism in rf sheaths may be different: stochastic (collisionless) heating at low gas
pressures and resistive (collisional) heating at elevated pressures. Fig. 4 shows the EEDF in the sheath heating
mode (in a linear scale) and the corresponding EEPF (in a semi-log scale) for argon pressure 100 mTorr.
Observe that the majority of electrons reside in the low energy group with Te; = 0.34 eV and n; = 1.32:10"
cm™ , while T,;,=3.1eVandn, =1.3- 10° cm™ for the minority group.

The electron cooling mechanisms, associated with formation of the low energy peak of EEDF, in a CCP and a
NG of dc glow discharge are similar and can be explained as follows [1,6,55]. In the sheath heating mode, the
main electron heating is localized within the rf electrode sheaths having strong rf and dc electric fields. Due to
the ambipolar potential in the plasma and the dc voltage in the dc and rf sheaths, the heating zone near the
plasma—sheath interface is accessible only for high energy electrons that are able to overcome the repelling dc
potential. Heated by the strong rf electric field, high energy electrons diffuse into the plasma bulk with a weak
electric field and cause an intense ionization there. Low energy electrons originated in the ionization process
are trapped by the ambipolar potential and are unable to penetrate into the heating zone. Their temperature is
determined mainly by electron-electron collisions with hot electrons. The intense ionization by hot electrons
together with a reduced plasma loss to the wall (proportional to the ion sound speed for cold electrons, vy =
(Te1/M)"?), results in an enhanced plasma density and therefore, in reduction of electric field (E ~ J/n) compared
to that in the bulk heating mode.

The transition of a CCP into the sheath heating mode (frequently called stochastic heating mode) has a
threshold-like nature [1-3, 55]. The shift of electron heating to the plasma boundaries causes cooling of low
energy electrons. This leads to an increase in the plasma density and hence to a reduction of the rf field in the
plasma bulk, which results in more electron cooling. The electron-electron interaction between high and low
energy electrons prevents a temperature collapse of cold electrons and limits the plasma density growth [55].

Strong non-equilibrium conditions for a CCP in the sheath heating mode may result in an abnormal dependence
of both the effective electron temperature Teg = 2/3[€] = ¥sm[v.’] and plasma density on gas pressures [1]. This
is illustrated in Fig. 5, where, starting at low pressures, <e(p)> is growing while n(p) is falling with gas
pressure. In contrast, under equilibrium conditions, when EEDF is locally coupled with the heating electric
field, these dependencies are reversed.

Another kind of strong non-equilibrium conditions occurs for CCP in the y-mode at relatively high gas
pressures and high rf voltages in the electrode sheaths [51, 52]. In the y-mode, an avalanche of high energy
electrons originating in the rf sheaths causes an intense ionization which is accompanied by a sharp rise in the



plasma density and by a sharp fall in both the electric field and the electron temperature in the plasma bulk. The
evolutions of the EEPF, and the discharge and plasma parameters during the transition of a CCP into the y-mode
are shown in Figs. 6 and 7, [52]. The EEPF, T, n, the discharge power and the discharge voltage are presented
as functions of the discharge current density J for a 6.7 cm gap CCP in helium gas at 0.3 Torr. The dynamic
resolution of the EFDF measurements (usually 3-4 orders of magnitude) is not sufficient to resolve the small
amount of high energy electrons injected from the rf sheaths. Starting with J = 1 mA/cm? which corresponds to
a discharge voltage of about 100 V, the discharge transits from a nearly equilibrium o-mode dominated by
volume heating into the y-mode, when EEPF develops a low energy peak, with a sharp fall in Tey and a steep
rise in the plasma density. In the well-developed y-mode (J around 10 mA/cm?), the electron temperature is of
an order of magnitude smaller, and the plasma density is of two orders of magnitude larger than the
corresponding values in the low power a-mode.

Plasma characteristics of a CCP in the y-mode are very close to those in the negative glow of a dc discharge,
although in the first case the discharge is driven by an rf current, while in the second case, it is driven by a dc
current. In both cases, an avalanche of fast electrons develops in the high voltage electrode sheath and produces
ionization in neighboring plasma having low electron temperature. Similarly to a dec glow discharge, the lowest
Te in the y-mode (close to the room temperature) was found in helium, where additional electron cooling via
electron—atom elastic collisions is significant because of a relatively large m/M ratio. Fig. 8 shows the electron

temperature as a function of pressure for helium in a well-developed y-mode with a strongly non-equilibrium
EEDF [50].

5. Non-equilibrium EEDF in ICP

A non-equilibrium two-temperature structure of the EEDF in the elastic energy range can also be found in an
ICP. The absence of high voltage rf sheaths and the presence of a high plasma density in an ICP tend to prevent
the formation of a two-temperature EEDF. On the other hand, in an ICP with anomalous skin effects where the
rf current is not a local function of the rf field (J # 6,E), (0 < v1/6 and 0 < vr/v, where vr = (Te/m)'"? is the
electron thermal velocity), collisionless selective electron heating of high energy electrons may cause the
formation of a low energy peak of the EEDF, [53, 54, 56].

Collisionless electron heating occurs in an ICP when an electron crosses the skin layer in a fraction of the rf
period, v1/& > . This means that only fast electrons (¢ >¢g ~ %m(8m)> where g is the threshold energy) can
effectively gain energy, while slow electrons (€ < &), quiver without collisions in the skin layer (as in uniform
rf fields) with no energy gain. The preferential heating of fast electrons together with the plasma ambipolar
potential that keeps low energy electrons trapped outside the skin layer, causes the formation of the low energy
electron group.

Figs. 9 and 10 show EEPFs measured in the midplane on the axis of an ICP in argon at 1 and 10 mTorr for three
different frequencies: 3.4; 6.8 and 13.56 MHz and three different discharge powers: 12; 50 and 200 W, [53].
Observe that the low energy electron group is well pronounced at high rf frequencies and low discharge powers
(plasma density). A flattening in the slope of the EEPF reflects electron heating and starts at higher electron
energies for higher rf frequencies. At 1 mTorr and 12 W shown in Fig. 9, the calculated values of ¢ for
frequencies 3.4; 6.8 and 13.56 MHz are 0.65; 2.5 and 9 eV respectively, which is in qualitative agreement with
the experiment. For larger plasma densities and lower electron temperatures, strong electron-electron collisions
(Vee ~ nTe'3/2) force the EEPF to become Maxwellian. This is illustrated in Fig. 10 for 10 mTorr, 200 W, where



the electron temperature is lower and the plasma density is essentially higher than the corresponding values at 1
mTorr.

Another kind of a non-equilibrium is observed in an ICP operated in a nonlinear regime where the rf Lorentz
force Fr acting on the electrons in the skin layer is large compared to the rf electric field force Fg, FL > Fg.
Such a condition is met at low driving frequencies when the rf magnetic field sustaining the ICP, B = —E/dw, is
large and the corresponding cyclotron frequency satisfies the relationship wg > (@0*+v*)'", In this regime, a time
averaged (ponderomotive) force F, acts on the electrons in the non-uniform electromagnetic field of the skin
layer, F, ~ VE’ ~ |[J%B|, [33,34]. The reduction of a local rf current due to its spatial dispersion caused by
electron thermal motion, leads to a reduction of the ponderomotive force acting on fast electrons. Therefore,
low energy electrons appear to be affected by the ponderomotive force to a larger extent than high energy
electrons [35]. This results in a depletion of EEPF by low energy electrons in the skin layer [57].

Fig. 11 shows EEPFs measured at different distances from the Quartz window adjacent to an rf coil in a low
frequency ICP for two radial positions, [57]: at r = 4 cm corresponding to the maximum of the rf field radial
distribution, and at r = 0 where E = 0 and F, = 0. In the upper part of Fig. 11, the EEPF is measured at r =4 cm,
and in the lower part, it is measured at r = 0; on the left of Fig. 11, the EEPF is measured between the window
(z = 0) and the position of maximal plasma density (z = 5.5 cm), and on the right, it is measured between z =
5.5 cm and the chamber bottom z = 10.5 cm . Depletion in the low energy part of the EEPF measured in the
skin layer is clearly seen near the window, while the EEPFs measured in the right part of the chamber and at its
axis (where the rf field is negligible) are not depleted by low energy electrons. Those EEPFs are the same for
the total electron energy € = %4mv.” + ed, while EEPFs affected by the ponderomotive force, shown in the upper
left part of Fig. 11, are the same for the total electron energy €= “4mv.’ + ed + edp that includes the
ponderomotive potential ¢, defined by the relationship F, = —eVo,.

6. EEDF control in gas discharge plasma

In steady state low pressure discharges with a uniform or a weakly non-uniform electric field, where the electric
field and the EEDF are nearly in equilibrium, the effective electron temperature is determined by the ionization
process, resulting in Terr = Ter(pA), while the electron energy losses define the heating electric field. For this
reason, different discharges with different electron heating mechanisms usually have similar EEDF and Ty, for
specified pA and P4. In a strongly non-equilibrium state attained in discharges with strong non-uniform heating
fields and enhanced population of low energy electrons, the effective electron temperature can be lower than in
discharges at equilibrium for given pA and P4. Let us consider just few examples of possible electron
temperature control in non-equilibrium rf plasmas.

The plasma density n and the mean electron energy [€] = 3/2:Tesr in @ CCP, found as appropriate integrals of the
measured EEPF for a CCP presented in Fig. 3, are given in Fig. 5 as functions of argon pressure. At relatively
high pressures (p > 0.5 Torr), when the volume electron heating dominates, the mean electron energy is close to
that in a dc positive column, and drops slightly as the argon pressure increases, while the plasma density grows.
Those trends are common for discharges that are in equilibrium with the heating electric field. At low pressures
(p <0.5 Torr), the discharge transits to the sheath heating mode, and the plasma is no longer in equilibrium with
the rf field. In this non-equilibrium mode, the mean electron energy [e(p)] and the plasma density n(p)
dependencies are reversed; the effective electron temperature is essentially lower while the plasma density is
larger than is expected at the equilibrium. Stimulating the CCP transition to the sheath-heating mode (via



pressure reduction or increase in the discharge power), one may significantly reduce the electron temperature
and enhance (or suppress) desirable plasma-chemical processes.

Another example of EEDF control is through the variation of the rf frequency in a low pressure ICP with
anomalous skin effect (see Figs. 9 and 10). Fig. 12 shows the dependence of the effective electron temperature
(corresponding to the EEPF from Fig. 9) on the frequency for different discharge powers. At low discharge
powers (plasma density) when the electron-electron collision rate is not sufficiently high to destroy the two-
temperature EEPF structure, a four-fold increase in the frequency leads close to a two-fold reduction in the
electron temperature. The effect of the frequency diminishes when the plasma density increases, and for
sufficiently high plasma densities, the electron-electron collisions bring the EEDF to a Maxwellian distribution,
where the electron temperature is determined only by the pA product, in spite of the fact that the EEDF is not in
a local equilibrium with the non-uniform rf field.

Decoupling of electron heating from the electron energy loss process (which is typical for non-equilibrium) can
be achieved “artificially” in a pulse-operated discharge, when during a short pulse-on time To, << z”' , the
effective electron temperature T overshoots its steady state value Teo, Tetr> Te’. Then, in the afterglow (pulse-
off) stage, due to inelastic collisions and fast electron escape to the wall, the electron temperature quickly drops
to a level lower than T.” and finally slowly approaches the gas temperature. The electron temperature may even
become lower than the gas temperature, because of the diffusion cooling [58-60].

This is illustrated in Fig. 13 where the electron temperature evolution is shown for different argon pressure, in
the afterglow stage of argon ICP maintained at 4 MHz with an internal coil having a ferromagnetic core [61].
The values of the electron temperature for the initial CW mode at different argon pressure are inserted in Fig.
13. T, was calculated as appropriate integral of the measured EEDFs. Observe that electron cooling is faster
for lower gas pressures, suggesting that the diffusion cooling is the main mechanism of the electron energy loss
in the afterglow [58]. Electron temperature cooling occurs more rapidly at lowest gas pressures, as plasma loss
to the wall transits from the collisional ambipolar diffusion regime at high pressures to the Tonks-Langmuir
regime at low pressures, controlled by the ion inertia. In the late afterglow stage, T, reaches very low values
(down to 0.05 eV at 3 mTorr), which are close to the argon gas temperature.

The large span of the electron temperature change during the afterglow suggests that the electron temperature
can be controlled in the periodically-pulsed discharge by varying the off-cycle time To¢. Since the pulse-on
stage is usually much shorter than the pulse-off, afterglow stage, the time averaged electron temperature in a
periodically pulsed discharge is lower than in a steady state discharge.

Time evolutions of EEPF and corresponding plasma parameters measured in a periodically pulsed ICP [61] are
shown in Figs. 14 and 15. The measurement were performed in the ICP afterglow stage (between t = 2.8 us and
t =20 us) with To, =2 us at 550 W pulsed power corresponding to 50 W of the averaged discharge power. The
EEPFs corresponding to different afterglow time have been shifted in Fig. 14 to higher energy for clarity of
presentation. The EEPF shift in the energy is equal to the plasma potential variation in time. Due to the absence
of the electric field and a reduced electron temperature, the EEPF in the late afterglow stage is Maxwellian.
The lowest electron temperature in the afterglow stage is controlled by the afterglow duration. During the
afterglow stage, there is a twofold drop in the plasma density and a fourfold drop in the electron temperature,
reaching an order of magnitude lower value than that in the CW mode. The time averaged electron temperature
in the afterglow stage (<T.> = 0.9 eV) is fivefold decreased, while the averaged plasma density (<n> =
4.5-10""cm™) is threefold increased compared to the corresponding values measured in the CW mode (T, = 4.4



eV and n = 1.5-10"" cm™) for the same discharge power of 50 W. The reason for such significant difference in
the plasma density is the intense ionization (plasma production) by the “overheated” electrons during the on-
cycle, and reduction (due to electron cooling) in plasma diffusion to the wall in the afterglow stage.

In the periodically pulsed discharge, the reduction in the time-averaged electron temperature is accompanied by
the presence of high temperature electrons during the on-cycle. Their effective electron temperature is expected
to be higher than at the equilibrium in the CW mode, because during the on-cycle, the electric field is higher
than in the CW mode. Due to an excess of high energy electrons during the on-cycle, and their fast cooling
during the off-cycle (afterglow), the time averaged EEPF in a periodically pulsed discharge is expected to have
a two-temperature structure, like the bi-Maxwellian EEPF in a low pressure CCP. Since the ionization rate
dependence on the electron temperature is nearly exponential, the electron temperature (electron mean energy)
during the pulse on-cycle experiences just a moderate increase compared to T, in the CW mode. Therefore, in a
typical case of a periodically pulsed plasma when a temporal non-equilibrium between ionization and particle
loss occurs (Tofr>> Ton), the effective electron temperature, averaged over the period (Tont Tofr), 1s always lower
than T, in the CW mode.

The possibility of modifying plasma parameters modification in capacitive and inductive rf discharges by
injection of a high energy electron beam produced outside the plasma has been demonstrated in [62,63]. It has
been shown that injection of high energy electrons (¢, = 100 eV) significantly (few times) decreased plasma
potential and the electron temperature and increased the plasma density. The model based on the ionization and
energy balance of bounded gas discharge plasma developed by these authors was found in close agreement with
experimental observations.

A spatially non-equilibrium plasma with cold electrons can be created by dividing the discharge chamber by a
negatively biased mesh (grid) [64, 65]. Due to its high negative potential Vg, the mesh repels all electrons with
energy € less than eV, where Vg is referenced to the first, active (with heating electric field) plasma sub-
chamber. Therefore, only a small portion of fast electrons with € > eV can penetrate the second, passive
(without heating electromagnetic field) sub-chamber. Due to ionization in the second sub-chamber performed
by the fast electrons, a population of low energy electrons is created there. A potential barrier created by the
mesh prevents an exchange between electrons in both sub-chambers, and therefore, without a heating field, the
electrons in the second sub-chamber remain cold. Their temperature is determined by the balance between their
heating via electron-electron collisions with primary fast electrons and diffusion cooling.

Using a coarse mesh with openings much larger than the Debye length, and changing the sheath width around
the mesh wire with the mesh potential, one can change the mesh opacity for the middle energy electrons (in the
first sub-chamber) and for the low energy electrons (in the second sub-chamber), thus mixing electrons of both
sub-chambers. As a result, the electron temperature in the second sub-chamber can be smoothly changed by
varying the mesh potential. This was illustrated in Ref. 64, where the electron temperature in the second sub-
chamber has been reduced up to two orders of magnitude, while the plasma density has been increased an order
of magnitude. The increase in the plasma density ney is a direct consequence of the drop in the electron
temperature Ty that slows down the plasma diffusion to the wall.

An additional plasma parameter control in the plasma source with dividing mesh was demonstrated in Ref. 66,

where an enhancement in the plasma density (1-2 orders of magnitude) in the second sub-chamber was achieved
with its positive biasing with respect to the first sub-chamber. In that case, the first sub-chamber operated as a
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plasma cathode, while the bias voltage accelerated the electrons escaping through the mesh from the first sub-
chamber, and thus significantly increased their ionizing ability in the second sub-chamber.

One way to control the high energy tail of EEDF in argon ICP afterglow plasma without significant change in
the bulk electron temperature and plasma density has been demonstrated in Ref. 67. The EEDF tail
modification has been achieved by biasing a small electrode near the plasma boundary with a negative
(reference to the plasma) dc potential -V. At nonlocality condition, by collecting plasma electrons to the
electrode, one can globally deplete the EEDF with electrons whose energies exceed the electrode potential (& >
eV).

Another way to control the high energy tail of the EEDF demonstrated in Ref. 67 was quenching of argon
excited states with the addition of a small amount of nitrogen gas. In the afterglow stage, the high energy
electrons are produced in reactions with excited metastable argon atoms. Therefore, the quenching of
metastable atoms reduces the population of fast electrons.

The possibility to achieve a non-equilibrium state is to create artificially a strong spatial non-uniformity in the
electric field. Such possibility was studied for the positive column of a dc discharge by forcing the discharge
current to flow through a narrow orifice at the condition A¢ = A, [69]. It has been shown that the electric field,
the mean electron energy and the plasma density significantly increase in the vicinity of the orifice, compared to
their corresponding values in the undisturbed part of the positive column. Concurrently, some reduction in the
mean electron energy (compared to its unperturbed value) and a field reversal were observed in the adjacent
plasma.

7. Conclusions

In steady-state bounded gas discharge plasmas, at near E/F-equilibrium conditions, ionization and electron
energy balance determine the effective electron temperature Tesr and the plasma density n as universal functions
of the pA-product and the discharge power Py, and those functions are practically independent of the particular
mechanism of electron heating process. The relationships Terr (pA) and n (pA, P4) may change under the
condition of strong non-locality when A >> A >>§. In general, in low pressure discharges sustained by a non-
uniform electromagnetic field at A > A, the EEDF is not in a local equilibrium with the heating field. For such
a non-equilibrium condition, the EEDF is in integral equilibrium with the spatially averaged electromagnetic
field. In this case, electrons gain energy in the area of a strong field, and, because of their thermal motion,
transfer this energy to the area of a weak field. In this respect, low pressure discharges at A, > A or/and ® > &
resemble non-self-sustained plasmas, where electron heating and plasma parameters are shifted in space or/and
in time, and df.(€)/dr = 0 or/and df.(€)/dt = 0 in the limit A >> A or/and ® >> & .

The non-equilibrium considered above, is associated with electron heating in a non-uniform field in glow
discharge, CCP and ICP, may occur in others types of rf discharges such as helicon, surface wave and ECR
plasmas. Low electron temperatures (T, = 0.6-1.3 eV), significantly lower than those expected for plasmas in
equilibrium with the rf field, have been found in distributed ECR plasma sources, having an array of dipole
magnets, energized at 2.45 GHz in hydrogen at 1-4 mTorr [69].

The degree of non-equilibrium leading to space separation between electron energy gain and EEDF in locally

non-equilibrium plasmas is different for different kinds of discharges. The strongest non-equilibrium is in the
cathode glow of dc glow discharges and in the capacitive rf discharge in the y-mode, where strong electric fields
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(dc or/and rf) are present in the electrode sheath, and an avalanche of fast electrons is developing there, causing
an intense ionization and significant drop in electron temperature in the adjacent plasma. Some lesser effect is
observed in the capacitive rf discharge in the oi-mode and even lesser, in inductive plasma.

The localization of electron heating in a narrow zone is not sufficient to achieve strong non-equilibrium plasma
with two distinctive groups of electrons (like a nearly bi-Maxwellian EEDF). At low gas pressures, when non-
local electron kinetics dominates (A >> A), the plasma parameter space distribution is insensitive to the rf field
distribution, unless there is some segregation mechanism that prevents low energy electrons heating and mixing
with high energy electrons.

In bounded plasmas with intrinsically non-uniform plasma density, the ambipolar potential ¢ ~ (T./e)In(n/ny),
where ny is the maximal plasma density corresponding to ¢ = 0, keeps low energy electrons trapped in the
vicinity of the plasma center, preventing them from reaching the plasma boundary where the heating takes
place. In dc glow and capacitive rf discharges, the existence of high voltage sheaths with strong electron
heating (and electron multiplication) and strong dc field, makes the segregation of low energy electrons even
more thorough. For this reason, the most expressed two-temperature structure in EEDF with the lowest electron
temperature (close to room temperature) is observed in dc glows and in CCPs in the y-mode. The segregation
function also can be performed with a dc magnetic field, as presumably is the case for a non-equilibrium ECR
plasma source [69].

In non-equilibrium conditions with two-temperature EEDF, low energy electrons are usually heated by high
energy electrons via electron-electron collisions. For sufficiently high plasma density, the temperatures of low
and high energy electron groups equalize and EEDF tends to a Maxwellian distribution, independent of the
existence of a segregation barrier or of the selective heating of particular part of EEDF by the electromagnetic
field.

A high level of non-equilibrium conditions with essentially different electron temperatures of low and high
energy electron groups of the EEDF can be attained artificially by spatial or time concentration of the electron
heating field in the presence of some effective segregation mechanism. In pulse discharges, the non-
equilibrium is provided by the absence of the heating field and fast disappearance of fast electrons in the
afterglow stage. In discharges with artificial spatial concentration of electron heating, some segregation barrier
separating the low and high energy electrons is needed to achieve a EEDF dominated by low energy electrons.
Creation of such systems with the ability to control electron energy is a challenge for future application of gas
discharge plasmas.
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Figure Captions

Fig. 1. Plasma parameter profiles measured along an ICP in the axial direction.

Fig. 2. EEPF’s measured in the ICP at different axial positions.

Fig. 3. EEPF evolution with argon pressure in a CCP at 13.56 MHz.

Fig. 4. EEDF and EEPF in an argon CCP at 13.56 MHz and 100 mTorr.

Fig. 5. Plasma parameters and ratio of stochastic, Py to collisional, P, power absorption in a CCP.
Fig. 6. EEPF evolution with discharge current density in a helium CCP at 13.56 MHz and 0.3 Torr.
Fig. 7. Plasma parameter evolution corresponding to Fig. 6.

Fig. 8. Electron temperature in a CCP in the y-mode; helium 0.3 Torr, 13.56MHz.

Fig. 9. EEPF in an argon ICP at 1 mTorr and different discharge power: 12; 50 and 200 W.

Fig. 10. EEPF in an argon ICP at 10 mTorr and different discharge power: 12; 50 and 200 W.

Fig. 11. EEPF in a low frequency ICP at different axial positions.

Fig. 12. Frequency dependence of electron temperature in an ICP at different discharge power: 12.5; 50 and 200 W.
Fig. 13. Electron temperature in an argon ICP afterglow at different argon pressure.

Fig. 14. EEPF in an argon ICP at different moments of afterglow time t.

Fig. 15. Plasma parameters evolution in a periodically pulse ICP in the afterglow stage.
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