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Electron Temperature in Gas Discharge
(Uniform electric field, Eegrad(n) = 0, Maxwellian EEDF and direct ionization)

plasma parameters are in equilibrium with electric field, spatial and temporal locality

 Jonization balance (continuity and momentum eqgs.) in a steady-state, self-sustained

bounded plasma defines z, resulting in: T, =T, (pA), independently on P, and n.

 Electron energy balance, P, = J (3/2)VTn&dV, results in: Re(E)) = const(pA), n ~ P

Here & 1s the characteristic frequency of electron energy loss, &= v, /A,
E=v.2m/M + X2v*e*/3T, + z{2&//3T, + (4/3) + ¥ [1+ In(M/2tm)]}

The fundamental relations for the electric field E and the total number of electrons/ions Np
follows from the electron energy balance:

E? = 3Tm&u {1+ 0*v?gy)  and N =<n>V =2P/3ET,
Thus, for given P, and pA, T, and n should be the same for all kinds of discharges

These are basically true for non-Maxwellian EEDF and with non-linear processes



Non-local electron kinetics

In gas discharge plasmas, electrons are not in equilibrium with molecules and ions, T>>T,,T,,
they are not in equilibrium within their own ensemble, non-Maxwellian,
and when A, = v /& > L, they are not in equilibrium with a non-uniform heating electric field E.

The last 1s domain of electron non-local kinetics where plasma parameters are not local
function of the field, grad(T,) = 0 and df (e+eV)/dr = 0
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EEDF 1n a non uniform E-field

At ® << o, the external electromagnetic field is localized at the plasma
boundary, S, 6 << L, and in plasma bulk E c n"! when Eegrad(n) #0

Electric field non-uniformity typically occurs when <<, and electromagnetic
field is localized at the plasma boundary, S, 6 <L, and in plasma when Eegrad(n) #0

Hot electrons generated in the zone of strong electric
field produce ionization in the area of week field.

In the presence of some separation mechanism
preventing new-born electrons mixing with hot
electrons or/and to penetrate the heating zone, the
new-born electrons remain cold. This results in EEDF
having two electron groups (hot and cold) . This cold
plasma has features of a non-self-sustained discharge

Thus, the local electron heating together with some
separation mechanism result in plasma cooling
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Electron cooling 1in negative glow of dc glow discharge

negative Faraday positive ]
glow dark space column Solntsev et al, 8" ICPIG, p. 86, Vienna, 1967, have

measured ultra-cold electrons (T, = 0.04 - 0.3 eV,
1-2 orders of magnitude lower than that in the
positive column. He, 0.6 - 4 Torr, 1;,=0.6 — 8 mA.

Haas et al, PSST. 7, 471, 1998, have demonstrated
plasma electron cooling by injecting 100 eV
electron beam into CCP. 1
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Heating mode transition in CCP
Ar CCP atl13.65 MHz, L=2 cm
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Transition to high plasma density (y-mode)

CCP, 13.56 MHz, He 0.3 Torr
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EEDF and plasma parameter in ICP

Center of Ar ICP,2R =20 cm, L=10 cm

10" Three-temperature structure of EEDF is

6.78 MHz, 50 W due to selective electron heating at the
condition of anomalous skin effect. At
high plasma density EEDF trends to
Maxwellian distribution

6.78 MHz, 50 W
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Temporal non-locality: Time resolved EEDF measurement

0>z —dn/dt=0, buto=¢ — dT/dt#0
Toroidal ICP driven with ferrite inductor at 50-250 kHz, Hg-Ar, 0.3 Torr
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Frequency dependence of EEDF in ICP with anomalous skin effect

Selective electron heating. Collisionless heating occurs at v./d > ®
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Temporal nonlocality: Electron temperature variation in pulse

discharge and Low frequency RF Discharge

EEDF in afterglow stage
of ICP with internal coil
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periodically pulsed ICP
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Mean Electron Energy, i (eV)
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T, control with negatively biased greed (Kato et al, 1994)

Plasma source and diffusion zones are separated with negatively biased mesh
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Localized ECR array reactor with trapped ECR plasma

Ar/SiF, at 10 mTorr with microcrystalline silicon deposition. Multicusp magnetic
confinement of fast electrons. An order of magnitude T, reduction in diffusion zone.

Local ESR electron heating with separation between hot and cold electrons provided
by magnetic filters
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Global magnetic filter with trapped ICP drive at 5 MHz
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Conclusions

e In gas discharge plasma at A, >> A and large dE/dr, EEDF is not in local equilibrium with
E-field, plasma parameters and the field distributions are decoupled and df(e+e@)/dr = 0

» Generation of excess of high energy electrons cools down the main body of electron
population leading to formation two electron groups

* Formation of highly non-equilibrium EEDF with two-temperature structure (T,; << T,,)
requires both, strong E-field localization (to produce fast electrons) and some separation
mechanism preventing low energy electron heating and mixing with hot electrons.

* Non-equilibrium discharges with strong localization (in space and/or in time) of the
heating field and with electron separation feature seems is a viable way for creation of
plasma with controllable EEDF.



