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Physical constants and conversion factors

Quantity Symbol Value
Boltzmann constant k 1.3807x10"% J/K
Elementary charge e 1.6022x10™° C
Electron mass m 9.1095x107°! kg
Proton mass M 1.6726x10"% kg
Proton/electron mass ratio M/m 1836.2
Planck constant h 6.6262x107* J-s

h=h/2r 1.0546x10" J-s
Speed of light in vacuum c 2.9979x10°% m/s
Permittivityy of free space &y 8.8542x107** F/m
Permeability of free space Uy 4mx10-7 Him

Bohr radius a, = 4ne i’ 1e°m 5.2918x10™' m
Atomic cross section 7al 8.7974x107%' m?
Te_zmperature T associated 11605 K
with T=1V
Energy associated with
2 1.6022x107° J
e=1V
Avogadro number
g Na 6.0220x10%
(molecules/mol)
Gas constant R=KN 8.3144 J/K-mol
Atomic mass unit 1.6606x107% kg
Standard temperature
) P To 298.15 K
(25°C)
Standard pressure o 5
p 1.0133x10° Pa
(760 Torr=1atm)
Loschmidt's number o 25 3
. n 2.6868x10°° m
(gas density at STP)
Pressure of 1 Torr 133.32 Pa
Energy per mole at T RT, 2.4789 kL/mol
calorie (cal) 4.1868 J
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Major Textbooks

“Cold Plasma in Materials Fabrication”, Alfred Grill, IEEE Press, New
York, 1994.

“Principles of Plasma Discharges and Materials Processing”, M. A.
Lieberman and A. J. Lichtenberg, John Wiley, New York, 1994.

“Lecture Notes on Principles of Plasma Processing”, F.F. Chen and J.P.
Chang, Kluwer Academic/ Plenum Publishers, New York, 2003.

“Plasma Techniques for Film Deposition”, M. Konuma, Alpha Science
International Ltd., U.K., 2005.

“Handbook of Plasma Processing Technology”, edited by Stephen M.
Rossnagel, Jerome J. Cuomo and William D. Westwood, Noyes
Publications, 1989.

“Glow Discharge Processes”, Brian Chapman, Wiley, New York, 1980.
“Gas Discharge Physics”, Yuri P. Raizer, Springer-Verlag, 1987.
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“Plasma Diagnostics”, Volume 1, Discharge Parameter and chemistry,
Orlando Auciello and Deniel L. Flamm, Academic Press, Inc. 1989.

“Thermal Plasmas”, M.l. Boulos, P. Fauchais, and E. Pfender, 1994
Plenum Press, New York.
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Name Authors Publishers Years
. . . . IEEE Press, New
1 Cold Plasma in Materials Fabrication Alfred Grill York 1994
M. A.
Principles of Plasma Discharges and Materials | Lieberman and| John Wiley, New
2 . 1994
Processing A.l. York
Lichtenberg
EE Chen and Kluwer Academic/
3 | Lecture Notes on Principles of Plasma Processing | . " Plenum Publishers, | 2003
J.P. Chang
New York
Alpha Science
4 Plasma Techniques for Film Deposition M. Konuma International Ltd., | 2005
U.K.
Stephen M.
Rossnagel,
: Jerome J. o
5 Handbook of Plasma Processing Technology Noyes Publications | 1990
Cuomo and
William D.
Westwood
6 Glow Discharge Processe§-8putter|ng and Plasma Brian Wiley, New York | 1980
Etching Chapman
7 Gas Discharge Physics Yuri P. Raizer Springer-Verlag 1991
Orlando
8 Plasma Diagnostics; (Volumg 1, Discharge Auue_llo and Academic Press, Inc.| 1989
Parameter and chemistry) Deniel L.
Flamm
M.1. Boulos, P Plenum Press, New
9 Thermal Plasmas Fauchais, and ' 1994
York.
E. Pfender
10 Theory of Gas Discharge Plasma Bor_ls M. |Springer Ir_\ternatlonal 2015
Smirnov. Publishing
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Course Contents

1.

FUNDAMENTALS OF PLASMA

O Defines plasma in general and its main parameters and classifies the types of
plasma

COLD PLASMA GENERATION

 The principles of the various methods to create and sustain a plasma are
treated

PLASMA CHEMISTRY

Describes the reactions that can occur in cold plasma and the reactions taking
place between a plasma and a solid surface in contact with it.

PLASMA REACTORS
O Reactors types, their design, and particular features are discussed.
PLASMA DIAGNOSTICS

A Dealing with plasma diagnostic methods, emphasizing quadrapole mass
spectrometry, electrostatic Langmuir probes, and optical methods.

COLD PLASMA PROCESSES FOR SURFACE MODIFICATION
O Covers surface activation, cleaning, ashing, oxidation and hardening.
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/. DEPOSITION OF COATINGS BY PECVD

(d Describes the deposition of inorganic films and polymerization.
8. PLASMA ASSISTED ETCHING

O Focuses on the use of plasma for dry etching.
9. PLASMA IN THE FLAT PANEL DISPLAY INDUSTRY

 Describes the relationship between the microscopic plasma processes and
the performance of the displays.
10.HIGH-DENSITY PLASMA SOURCES FOR SEMICONDUCTOR
PROCESSING

O High-density large area plasmas at low pressures in dealing with ultra-fine
structures and with a meter-size flat panel are discussed.

11.PLASMA POLLUTION CONTROL TECHNOLOGY

O Gaseous pollution, solid and liquid wastes treatment techniques by
thermal and non-thermal plasma are critically reviewed.
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' 1. Materials processing

W Chemically reactive plasma discharge to modify the surface properties of materials.

W Low-pressure plasma, cold plasma, non-equilibrium plasma and glow discharge to
designate the same process.

™ Indispensible for manufacturing VLSI by the electronic industry.

™ Critical for aerospace, automotive, steel, biomedical, display, waste management
industry.

W E.g.0.2um - wide, 4um — deep trench can be etched into Si films, used for device
isolation and charge storage capacitors in IC.

0.2 um

4 um

4um Hair
S1

50~100 um
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As a very incomplete list of plasma process :

m Ar or O, discharge used to sputter-deposit Al (660°C), W (3422°C), hi-tempt
superconducting films.

m O, discharges used to grow SiO,/Si

®  SiH,CI,/NH, } films
discharges used for PECVD Sio,
Si(OC,H;),/O,

B BF;discharges used to implant B — Si
m CF,/Cl,/O, discharges to selectively remove Si films
B O, discharges to remove photoresist, polymer films.

Deposit, dope, etch repeated again and again in the manufacture of modern IC, 1/3 of tens
to hundreds of the fabrication steps are plasma based.
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L l % } éfPattern
foy __Photoresist | | | |
Film
Substrate

(a) Metal deposition (b) Photoresist deposition (c) Optical exposure
through a pattern

(d) Photoresist (e) Anisotropic plasma

(F) Remaining photoresist
development etch

removal

An etch process that removes material in vertical direction only. The horizontal etch
rate is 0.

Anisotropic etches easily produced by plasma processing.

10
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Exposing the masked film to a liquid (or vapor) etchant lead to the undercut
isotropic profile.

(a) Isotropic etch (b) Sidewall etching —

a loss of anisotropy

Tons Tons
L $ ¢ & ~Passivating film
THHRRBE IHBBE T AT
Qo Qo H‘ ‘ ‘H
R — P RN L J I
Ly I AR A 1] SN

Film removed

(c) Bombarding ions in

(d) Sidewall passivating
anisotropic etch

films in anisotropic etch

Many years ago - feature spacings, e. g. between trenches.

= tens of um, much exceeding required film thickness undercutting was then
acceptable. No longer true with sub-mp feature spacings.

Anisotropy : a critical process parameter in IC manufacture and a major force in
driving the development of plasma processing technology.

11
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A simple recipe for etching Si using a plasma discharge, CF,.

—  Tosustain a plasma by electron/neutral dissociative ionization :
e+CF,—2e+CF;* +F

—  To create reactive species by electron/neutral dissociative :
e+CF,—e+F+CFk,

— e+ 2F + CF,

B F atoms react with the Si substrate, yielding the etch product SiF, :

Si (s) +4F (9) — SiF4 (9)

Pumped away

m It isimportant : CF, does not react with Si.
This process etches Si isotropically.

For anisotropic etch, there must be high-energy ion (CF;*) bombardment of the substrate.

Energetic ions leaving the discharge during the etch bombard the bottom of the trench,
but do not bombard the sidewalls.

12
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Similarly, Cl and Br created by dissociation in a discharge are good etchants for Si.

Cl and Br for Si

F and CF, for SiO,
O for photoresist
Cl for Al

. avotatile etch product

However, F atoms do not etch Al ; there is no known etchant for Cu,
- - etch products are not volatile (at reasonable substrate tempt).

A central feature of the low-pressure process discharges is that :
The plasma itself is not in thermal equilib.
— Enables substrate temperature rel. low while maintaining adequate deposition or etch rates.

e.g., SizN, films can be deposited over Al films by PECVD, but cannot be achieved by
conventional CVD w/o melting Al film.

13
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®  Nonequili nature of plasma processing :
XeFy Art Art
GAS ION BEAM  ION BEAM
ONLY  + XeFz GAS ONLY
'—.——-:'_—.: -i-'———.—l

= 100 — |

E L

<< 80 |—

E - M—

-3:__ 60 E— X

X

< 40

v - .

S 20 .

o - .

= P e e W S W L B oo 0=

100 300 500 700 900
TIME (SECONDS)

®  Equilibrium chemical etch rate (Si) in the XeF, etchant gas.

B 10 fold increase in etch rate with the addition of Ar* bombardment of the substrate
(plasma assisted etching).

—

B Very low etch rate due to the physical sputtering of Si by the ion bombardmen
alone.

14
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Plasma-immersion ion implantation (PIII) :

to implant ions into materials at dose rate > (10 or 100x) conventional (beam based)
ion implantation systems.

In PIII, a series of negative high — voltage pulses are applied to a substrate, immersed
directly into discharges, thus accelerating plasma ions into the substrate.

PIIl has opened a new implantation regime characterized by very high dose rate, even
at very low energies, capable to implant both large area and irregularly shaped substrate.

e.
lon beam o
N ST
- Ty
Implant. obj. | Implant. obj. =
Vacuum b
" lon beam'
Plasma
Conventional beam implanter: PlII:
the beam is electrically scanned The target is immersed in a plasma. lons
and the target object is from the plasma are implanted with a
mechanically rotated and tilted to relatively uniform spatial distribution.

achieve uniform implantation.

15
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2. Plasma

Langmuir et al. were the 1st to study phenomena in plasma in the early 1920°s while
working on the development of vacuum tubes for large current.

Langmuir (1929) used the term “plasma” for the 1st time to describe ionized gases.
plasma : a quasi — neutral gas of charged and neutral particles characterized by :
a collective behavior

A collection of free charged particles moving in random directions, on the average,
electrically neutral

Weakly ionized plasma discharges : Irving Langmuir
1. They are driven electrically. 1881-1957
Charged particle collisions with neutral gas molecules are important.

There are boundaries (e.g. container wall) at which surface losses are important.
lonization of neutrals sustains the plasma in the steady state.

The electrons are not in thermal equilibrium with the ions.

AR A A

16
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Let us 1st define the collective property of the plasma :
1. The behavior of a neutral gas is described by the kinetic theory of gases.

2. No forces act between the molecules of the gas (gravitational forces are
considered negligible), and the particles travel in straight lines with a distribution
of velocities.

3. The motion of the molecules is controlled by the collision among themselves and
with the walls of the container — the molecules of neutrals gas follow a random

Brownian motior

FHETR

Brownian motion of a neutral gas molecule

Assuming the particles of the neutral gas to be rigid spheres of radius r and their

density n, cross section for collision ¢, and mean free path Aas

o = mr? (1)
A= 1 2
= (2)

17
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Collision frequency,v(the average # of collision /s ) and the mean time between collisions,
T, are given by

v
- _ 3
v=1 X 3)
1
T=——=c (4)
v v
U —— The average velocity of the molecules in the
gas which is determined by its tempt, T :
_ kT 1/2
v = M (5)
M ——  The mass of the molecule
k —— Boltzmann constant (1.38x 1023 J/K)

If T of the gas is constant, the collisional mean free path is inversely oC the pressure in the
system :

const.

A= 6
> (6)
Const.— A constant depending on the gas
P —— pressure in the gas

18
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In the plasma, the particles motion can cause local concentrations of plus (+) and negative(-)
electric charges.— create long-ranged Coulombic fields —affect the motion of charge particles
away from the charge concentration.

A charged particle in a plasma moves along a path which on average follows the electric field.

S

Motion of a charged particle in a plasma

At low pressures, the effect of the long-range electromagnetic forces on the motion of the
particles can be much stronger than the effect of the collisions between the particles —
collisionless plasma.

A simple discharge consists of a voltage source that drives current through a low-pressure gas
between two parallel conducting plates or electrodes

electrode

:’f

gas

(~J) Plasma

———

breakdown o
Gas——plasmdusually weakly ionized)

Plasma : a 4th state of matter

19
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Solid in therm. equili. —liquid state —gas —a gas of atoms moving freely in random

directions, except for infrequent collisions between atoms — freely moving e and ions —
plasma state

Plasma state : characterized by a common charge particle density

Ne =Ny =N (particles /cm3)

U

Atequili, T, =T, =T
SEPANEIIE 2L SIERCR
4,000K for Ce — easy to ionize
20,000K for He — hard to ionize
Fractional ionization of plasma :

o = —— 1
ng, + N,

} element

a =1 = fully ionized plasma
a <<1 ..
— weakly ionized plasma

A S BB A - IR T MRAS - AATE (SR B IE o BE R
PRS- HI52 2 T AR -

LB R A SR E o (IR SR > PRI K (S B B T
g%‘l'iﬁb'lg/ > TR EE Yl 4 ER L A B B B SR RS T SCHARE & - AL - 15558
o > e

20
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[ ™ An enormous range of density and temperature for both laboratory and space plasmas.

25
. . S(t)Iid Si att
W Low pressure discharge are characterized by ;}em"e"" e
13 3 2ranad <1
T,=1—-10V,T; K T,,n = 10% — 103 cm~
20~ I Focus
Sdfi . 10° —
FklEEE ", (O, chem. reactive etchants, L =
deposition precursors,etc. - pinches P
Fusion
7ﬁ.§%$ﬁﬁt . ]0]:15_ 0.1V reactor
» phy. or chem. reaction at the s T
substrate (surface). s
= ) Fusion
® ﬂ:ta;; experiments
plasmas
W R RESER TR E R 0
N Flames
p=1mTor r—1Tor r= g &5 108 |
%%:tohs'? Ape>1lcm
. . ere e
™ High pressure arc discharges are also used for 5-"/ solr
processing:
T.~0.1-2V > n=10'4-10° cm3 S
ind
B I win
FERFHYES ~ B2y 102 1c;-1 & e — é 4 5
logyg Te(V)
TIS Te 10

21
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= BRI B £ B A ARG (R ERE W EIR B RA - (@ EEADRIERIE S R (EADRHERS - 52
GHEORIE ~ DIEIDKARE » LR D IEEAT KSR B (760 Torr) -

TEFAFIEEAE rf-driven EEZUAVKERRE > FiTHE E SGmABHICF, ¥ Sietching -

B EHTE T feedstock gas, etchant atoms, etch product gas and plasma ionsiy 5 &
AeSEAHE - WERREN T =08 (0.026V) K% » THZS&EME. -

m The etchant F and product SiF, densities are significant fractions of the CF, density,
but the fractional ionization is very low : n;~10°n,

W T,is102>T,
W AN A Z B TREE ] DUE 100 - 1000V, #ERIAHE T, -

22
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1016

f — Si ICF,

Etch
product
Free

radicals

n
(cm-3)

1012

B 1ons electrons Bombarding
ions

108 | a 1 1
10-2 0.026 V 1 102
Tor () (V) _ _ :
T The acceleration of low temp. ions across a thin
10 sheath region where the substrate and plasma
i g Ave. energies  meet is central to all processing discharges.

Densities and energies for various species in a low pressure capacitive rf discharge

23
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#EZRN >~ ng may be lower than n, - FFEEfI in sustaining the discharge and in
processing f3/HZ—THAE -

HAT, >> T, > it is the e that dissociate the [Fif}5@HS to create the free radicals, etchant
atoms and deposition precursors, required for the chemistry at the substrate.

BT B RS> T to create (1) that subsequently FREEELAS
FhE A L4 » energetic ion bombardment can :

1. Increase chem. react. rate at the surface.

2. Clear inhibitor films from the surface.

3. Physically sputter materials from or implant ions into the surface.

A plasma can also be obtained when sufficient energy is provided to a liquid or a solid to
cause its vaporization and ionization, e.g. a laser.

In a gas, a plasma is usually excited and sustained by providing to the gas electromagnetic
energy in different form DC, RF, microwave, etc.

Plasma parameters— broadly characterized by the basic parameters :
B The density of the neutral particles, n,(or ny).
B The density of the electrons and ions, n, ~ n;.

B In the quasi- neutral state of plasma, the densities of the e~ and of the ions are usually
equal,

n,=n, =n (n— plasma density)
B The energy distribution of the neutral particles, f, (w) ; ions, f; (w); and electrons, f, (w).

24
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Plasma density, n: an important parameter in plasma processing, because the eff. of the
process occurring in the plasma and their reaction rates are generally dep. directly on the
density of the charged particles.

Electrons, e: the main factor responsible for the transfer of the energy from the external E
and accelerated by absorbing energy from it ( E )

HNE T BRI+ - BEREHINE » WAEsMI E&H&Hﬁ%kﬁ%i o

BT TR C AR RO RIS T o Iz R RO - T A
TETHE -

et — AR EFM B S E R EEEE AT AN/ DIVES R ESZHR ion
chemistry -

PRI 20 = Bl -2 S P AR b o S T AR R E R g b i B Lol o

AR NIEA SR RS 0T — B ED R ELETEENAY - BLRE L R AR A 55 M S TR MERY Y
ERIRE

25
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[ ..
3. Collisions

Collisions between e and heavy neutral or charged particles “R{H EE 4L neutrals 2 4= 88

(excitation) HYELTE 2 B elastic collisions - ZA 1 A 45 5t 7 A= S He Ay hill 75 &P A £ inelastic
collisions -

The energy transfer W,, in an elastic collision between an e~ and a heavy target is determined by the
mass ratio of the particles v 2o
tr e

WM

where m, is mass of e-, W is energy of -, and M is mass of heavy particle (& -/21-=1836).

e.g., collision of an e- with an Ar, the fraction of transfer energy is very small, K%y -

We oo 1 eg.30.950/6.02x10%
W " 20000

IR HAREE B EE T [HIAVRIE - sEEEHRAIEE T T -

26




B 827544

National Chung Hsing University

é&%@gﬁ%&%? AV IIZRESEE R » which sustains the plasma and transfers that energy by
inelastic collisions with neutral gas molecules—> excitation, ionization, or dissociation of
multiatomic molecules.

W, in an inelastic collision is not controlled by the mass ratio of the colliding particles ; the
fraction of W, is given by W, M

W m +M
where m;, is mass of particle losing energy

(1) in an inelastic collision between an e~ and a heavy particle (m;, = m,<< M), the e- can
transfer almost all its energy to the heavy particle, creating an energetic plasma species.

(2) W, in amounts varying from 0.1eV (for rotational excitation of molecules) to more than 10
eV (for ionization)

Electron-electron collisions Y energy transfer {FZE#F bt ) HE2—E A M -
degrees of ionization > e.g.

O BEEEE a< 1019, W, is negligible
O FEEEE o >1073, e-e collisions dominate, e.g. ECR

i

BE

R e R X VAR 0= = Al

AR FEEE TR BT .
Elastic 104-10° —
Inelastic 1 1/2

27
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JEEEFE (degree of ionization) — fraction of the particles in the gaseous phase which are ionized:

o =—

n, +n,
= in low-pressure discharge a = 10 to 103

J assisted and confined by an additional magnetic field
a = 102 or higher, e.g., electron cyclotron resonance (ECR) plasma

J Ranges of parameters for various low-pressure plasmas

Plasma type Pressure lon density o
(torr) (cm3)
Deposition/etching <10 < 1010 106
Reactive ion etching (RIE) 102~ 101 1010 106~ 104
Magnetron sputtering 103 1011 104~ 107
ECR <104~ 102 1012 <101

¢ 1 Torr = 133.3 Pa

28
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]« is a function of the elements contained in the plasma.
Critical ionization is defined by
a, =1.73x10%%c, T2

ea g

o, =€ -atomcollision cross section at ave. e~ velocity,cm?
T =B TR eV
if a >>a,, thecharged particles behave as in a fully ionized gas.

Ref.: Thornton, et al “Thin Film Processes” eds. J.L. Vossen p.75. New York:Academic Press 1978

O e.g., in plasma used in magnetron sputtering, a of the sputtered metal is higher than
that of the process gas employed for the sputtering.

29
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BHAEE— T » T, is generally < threshold energies &g Or €;, of the feedstock gas
molecules.

ZR1f > dissociation & ionization occur because e~ have a distribution of energies. Fx{f1LA
weakly ionized discharge Fsf :

d
—(Vee /™) = 0
e=T,/2

g.(€)

Weakly ionized discharge e distribution p£#

1. Letting g.(€)de be the #e-/vol. with energies lying between ¢ and g+de > then the g,(e)
is obtained as _F[&

2. e having energies below ¢ or g;, cannot dissociate or ionize the gas.
3. H_FIE#EE > > diss. & ioniz. are produced by the high-energy tail of the distribution.

4, 72 distribution ZE{LlMaxwellian (bulk e- 2 T,) » {HEEIGA L « EHER 0]
RERR B S i Maxwellian » 1547 BT fi1Z (e heating) DLk BE Bl SR g 2 TEER T 4

30
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4 Plasma Sheaths

Plasmas, quasi neutral (n; = n,), joined to the wall surface across thin positively charged
layers called )z (sheaths).

m e thermal velocity (eT./m,)'2 is at least 100 £%j~ion thermal velocity (eT./m,)Y2, [ £
m/m; << land T, = T;(Volt)

W The formation of plasma sheaths

- Sheaths ~

¥ \
- - | — L S
! e(n; —n,) |
P
[r——jﬁ' 'ﬁl——tln [?————' ‘(Plasma ‘7*——i]
= — —_ : - o _F> | —
fl/j JIQ =n g )’2/ | :
P2 L~
A [ L ?
<, £
s 8e (Y EE
_________ - L l._ _—— —{= Y —_—
X< _0 F | | E X
p= -<;-—: .
@ o | -
| \ —-Vp
| | |
! I i I
| | | |
| y
| |

fa) (b)

_) .
(a) initial ion and e- densities and potential (b) densities, £ and potential after formation
of sheath

31
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Consider a plasma initially confined between two grounded (#=0) absorbing walls.
5y the net charge density p =e (ni-n,) =0, gand E is 0 everywhere.

R - the fast-moving e are not confined and will rapidly be lost to the walls. FJEF 45
FFfE N - ATEERYEE TRk,

A s <<, thin @ ion shields form near each wall in which n;, >> n..

The net positive p within the sheaths lead to a potential profile ¢(x) that is 1E{Ewithin
the plasma and falls sharply to 0 near both walls.

ST S BEGER A (T - sheathBIZhill » K& F within the
sheaths point from plasma to the wall.

[l -eE, (force) acting on e is directed into the plasma; this reflects electrons traveling
toward the walls back into the plasma.

Kz > ions from the plasma that enter the sheaths are accelerated into the walls.
& N DIFEHAV, ~ a few T, in order to confine most of the e-.

The energy of ions bombarding walls is & ~a few T,.

32
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[ TPIC ®m Sheath formation as obtained from a particle-in-cell (PIC) plasma simulation

In this simulation,
grounded (A &) grounded
floated

floated: O net current

@ ions density is uniform & constant in time.

e- are modeled as N sheets (-e/m) that move in one dimension under the action of
the time varying fields produced by all (i) the other sheets, (ii) the fixed ion charge
density, and (iii) the charges on the walls.

e do not collide with other e, ions, or neutrals in this simulation.4000 sheets were used
with T,=1V (~1x10* K) and n;=n,=10%3m- at t=0.

B EIRVEER AT MEH . -

B BYELE t=0.77 us PR » FME T E T-phase space, T T-%E, and ¢, 4000
JEHE i T 340 sheets.

B a-d BEREITELR 6 MmN R Z(E T -

B The field in the bulk plasma is near 0.
The fields in the sheaths are large and point from the plasma to the walls.
Ex is negative at the left wall and positive at right wall to repel plasma electrons.

M ¢ in the center of the discharge is Vp = 2.5V and £ /£E5% 20 » HEE 7 ¢ IR >
{H'EFE time oscillates (f) = LB £ plasma oscillations.

33
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2e + 06

Ux

-2e + 06
0

1.5e + 13

n(x)

Phase Space

(a)

Density

(&)

PIC simulation of positive ion sheath
formation: (a) v,-x electron phase space,
with horizontal scale in meters.

PIC simulation of positive ion sheath
formation: (b) electron density n..

34
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E field

800

E. | /

0.1

-800
0

x

fe)

Potential

3.0

V,~2.5V =

D (x)

0.0

0.1

O ———

(d)

PIC simulation of positive ion sheath
formation: (c) electric field E,.

PIC simulation of positive ion sheath
formation: (d) potential @.
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4000.0 e
"\‘ Loss : 340/
N I\‘\
\\ PIC simulation of positive ion sheath
\ formation: (e) electron number N versus
N time t in seconds.
36600 ° Time 4.68e-0.7
(e)
0.0289 — RHS Potentilatl) — -
oy ”\ | \)
fie = 28.4 MHz | f
i { |
T
\ R o ]
| | ”/1/5/\"
| f”]“}'%fﬂf\flnfl
| I | \'/ i | 1.y I PIC simulation of positive ion sheath
| ‘J 1] | | M / M | ‘H | formation: (f) right hand potential V,
T \J \ ] versustimet.
-0.133 ‘j \/ \Uf UJ \J \/ \ \vj Y
Time 4.68e - 0.7
(62
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-

W The separation of discharges into bulk plasma and sheath region &SRR F & At i 1
A RYdischarges.
W The bulk region is quasineutral, both Ffi] DL & time-averaged fields are low.
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s, Discharges

W RF diodes- capacitively driven freq. (rf) discharges 5 FH 7> materials processing.

Asymmetric system:

%
ion bombarding energy m[ =5V,  Gas feed R i

2 planar electrodes

sea R
<§ D mrsouee

substrate >

‘ effluent . ___ blocking
gases capacitor
vac. pump

Capacitive rf discharge in plane parallel geometry

- Rfdriving voltage: V,: = 100-1000 V

«  Plate separation: I=2-10 cm
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When operated at {[XJBX, with wafer mounted on the powered electrode, and used to
remove substrate material =% reactor & 5 it & RIE.

For anisotropic etching,

Pressures are in the range 10-100 mTorr
Power density: 0.1-1 W/cm?

Driving frequency: 13.56 M Hz

Typical plasma density: 109-10%! cm3

-19
T.-3V: T,= e;/ _ 116;81010-;3 ~ 34000K note : e/k=1.16x10%K/V
. X

(1 lon acceleration energies (sheath voltages) >200V

U 0O 0 0O O

The degree of dissociation of the molecules into reactive species is seldom measured
but can range widely from less than 0.1% to nearly 100%, 225 R A8k 77 2 B (R 1F

TBEHME -
For deposition and isotropic etch applications, pressures tend to be higher, ion

bombarding energies are lower, and frequency can be lower than the commonly used
standard of 13.56 M Hz.

N . . . o
EAEIRHEE 47548 © the mobile plasma e, responding to the instantaneous E
produced by the rf driving voltage, oscillate back and forth within the positive space
charge cloud of ions
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-

Symmetric system:

lon bombarding energy & DLEj3E V¢ / 2
The massive iog respond only to the

‘,{ l— Sa(t) N "7 Sb (t) time — averaged E .
Oscillation of the e cloud 7E4%&Ff &

water Ff#T 237 T sheath regions that contain
] e cloud net positive charge when averaged over
an oscillation period, i.e., the positive
V¢ (1) charge > the negative charge in the
s _ system, with excess appearing within
|| @ the sheath.

Finally, low fractional ionization poses
n n; a significant problem for processes

I /\ where the feedstock costs and disposal
/ of effluents are issues.
K » X

The physical model of an rf diode
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[ T Plasma parameters for rf diode and high-density discharges

Parameter Rf diode High density source
Pressure p (m Torr) 10-1000 0.5-50
Power P (W) 50-2000 100-5000
Frequency f (M Hz) 0.05-13.56 0-2450
Vol. V (L) 1-10 2-50
Cross-section A (cm?) 300-2000 300-500
Magnetic field B (kG) 0 0-1
Plasma density n (cm-2) 10°-101 1010-1012
T, (V) 1-5 2-7
lon acceleration energy ¢; (v) 200-1000 20-500
Fractional ionization o, 106-103 104-101

In addition to high density and low pressure, a common feature is that the rf or microwave
power is coupled to the plasma across a dielectric window, “~[E]5~ rf diode H;ZH> plasma
1 electrodes.

IEEEIEEE S 2 power transfer is the key to achieving low voltages across all plasma sheath
at electrode and wall surfaces.

dc voltages and hence ion acceleration energies, are then typically 20-30 V at all surfaces.

To control the ion energy, JiZ'& wafer 1YJE&fix can be independently driven by a capacitively
coupled rf source, 41
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High density sources

Development of a new generation of low-pressure, high-density plasma sources.

A few examples: For cold electrons at A weak (50-200G)dc
Microwaves 0= O, WAVE IS W55
‘ " absorbed, ®=2xf, t antenna w/ an rf-driven
- ®.=eB/m, — antenna around the
'I_ZJ f=2.45GHz % .HZ' dielectric cylinder
= t2i  B=875G = “>helicon wave
§§ Multipoles
e==>>3 TP
R bias
ECR Helicon
Dielectric External helix
cylinger /Conducting cylinder } Transformer coupled source
r@ ~ 5 Form a slow wave Adc ma_gnetic field
= Rf - ———— not required for
- q o structure=> & ——  efficient power
phase velocity<<g | coupling in helical
— velocity of light resonator of

inductive sources

Helical resonator Inductive

Some high-density “remote” sources
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Hence independent control of the ion/radical fluxes (through the source power) and the
ion-bombarding energy (through the wafer power) is possible.

ECR source A {25 (H B i 45 Bl %L1 Bk 2 source chamber generate [
dc 1435 - For a typical mw frequency used, f=2.45 GHz, the resonant magnetic field B
~ 875G. The plasma stream out of the source into the process chamber in which the
wafer is located.

Helicon, H (50 — 200 Gauss) dchizizw/ a rf-driven antenna around the dielectric
cylinder-> helicon wave.

Helical resonator : external helix, conducting cylinder around the dielectric cylinder
forming a slow wave-> phase velocity<< velocity of light.

Inductive : Transformer coupled source
DL L3672 high density source JEHYBEAEAE 55— HE N A THUAR -

1EHIFZ R FEE %2 DL multipole magnetic fields 7€ enhance plasma confinement near the
process chamber surfaces while providing a magnetic near-field-free plasma
environment at the wafer.
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HHEF source chamber #{1 process chamber 45& B—Raly » FIlEF wafer B HASEYT source
A O - A Rionsgiradical fluxes FY3E I » J&/) T ion energy HYspread, #& ] DU =
RUEHVE M - AN IE 2B 1L = 5 & < damaging radiation.

RN E ANBHMEE - sREE DN EENESE TS SWERESREERF - H
T2 A > 4 critical issues FiA -

B Process uniformity over 20-30 cm wafer diameter; e.g., rf diodes- two closely spaced
parallel electrodes: plasma formation and transport are inherently radially nonuniform.

B Degradation of deposition on the window can also lead to irreproducible source
behavior and the need for frequently costly cleaning cycles.

W R ER S R (AR (BRI A T REAE SR ERY MRS - INIEFR
FRIMEAVEZE pump

B % > plasma #1 radical concentration 7] DS54 K7 FE SR ER A S 4 BUEL > BRI
HEERS LA IR F R M A R

Bk BRI R THERR LR -
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[ | ®Discharge analysis AJFZ. 0[5 2 B rf diode B :

A ‘S‘
r, —
pressure L N Te g
@ freq. Ne,
Ne
«— | — T, T,

v
X

B HEE 2 EAESE

m Power source: frequency o, driving voltage V, or
absorbed power P,,.. D

B Feedstock gas: pressure P, flow rate & chemical f %y 1
W Geometry: AffH{E1% - {&3F discharge length, |

n RS EHSE Vg
B Plasma density n,

Etchant density ng

lon & etchant fluxes T; & I'g hitting the substrate

T.&T,

The bombarding energy e;

B The sheath thickness S

" EANE HYsAAL (tuning ) g6(8]H FEEARK > AR E EAREMEEN - ERE
Bt NREA - IRBEFEAMAY -

™ Driven by rf, dc, mw power sources; F§ magnetic field zkig 1 plasma confinement of the
efficiency of power absorption.

| %4
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[ .
Units

As far as possible, we use the SI (MKS) system of units:
meters (m), kilograms (kg), seconds (s), and coulombs (C) for charge.

The charge on an electron ise= 1.602 x 10-° C.

The unit of energy is joule (J):
U (joules) =e ¢
where ¢ is in volts. F {12 calorie (cal): 1 cal ~4.187 J.

The Sl unit of pressure is the Pascal (Pa), {HE AJRE A Torr: 1 Torr ~ 133.3 Pa. (Pa=N/m?)
= NMERE N 1 atm ~ 1.013 x 10° Pa = 760 Torr and 1 bar = 10° Pa 2K R A2 1T -
The Sl unit for the magnetic induction B is tesla (T). {HEMEL#EE FHAYE gauss (G):

1T =10 G, gHg8 T Az FEAE Kelvins (K).

HETEERsERE (injoules) KT, k= 1.381 x 1023 J/K — Boltzmann’s constant. F¢ {5

FIFRSE T £ E B voltage,
eT (volts) = kT (Kelvins)

KELHER =R (T=297K) Z voltage B[l T ~ 0.026 V.

{H75—2E subunits #=-2& FHEIHY » e.g. cross-section F cm? [fiIE m2, mw )& cm |fj
FE m.
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6. Plasma temperature

Temperature =% mean translational energy of the molecules in the system.
Plasma contains a mixture of particles with different electric charges and masses.

The e~ and heavy species in the plasma can be considered approximately as 2 subsystems,
each in its own thermal quasi-equilibrium, can therefore be characterized by their
specific different average temperatures:

the ion temperature, T,

the electron temperature, T,

BTHE E) gain energy, which energizes the plasma, and lose part of it by transfer to the
2nd system through elastic or inelastic collisions.

The system of heavy particles loses energy to the surroundings, either by radiation or by
heat transfer to the walls containing the plasma.
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150t e s 5 B #E 5k - as the heavy species in the plasma can be characterized by several
temperature at the same time:

T, characterizes the translatory energy of the gas

T, Characterizes the energy of the excited particles in the plasma

Tion
Ty
T, characterizes the radiation energy

} characterizes the energy of the ionization and dissociation

Thermodynamic equilibrium will exist in the plasma only if the following is satisfied:
Tg = Tex = Tion = Td = Tr:Te

CTE, complete thermodynamical equilibrium, cannot be achieved in the entire plasma because
T, at the envelope of the plasma cannot equal the temperature in the plasma bulk.

SR FEEERSGAET » S LUESL LTE, local thermodynamical equilibrium, in plasma
in volumes of order of the mean free path length » EUIE B E 2 4E » Bt eTEEAILTE

BT -

Hidc glow discharge or rf excitationfTzE £ AR BEHE - LTERYRIFEE B A E2ERT - #)
ISfEEEAERE > B non-LTE plasma.

£ non-LTE plasma o » B FHWEE /N e DUEH#E (B ) ) (K IE > HIE T,
e non-LTE plasma H i B EE AR LS ©

B FATSEEBIE R AT TR E R — S A [EHY S E - BB A ARSR DU B R s [T,
FSE IS A0

X]
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: 7. The Maxwell distribution

Z
w RN, Ry TAEXDT [ B/ AU AT u+duf > !
S TFELE - dny/NBEEIR It — 00 T 2R NEE
BAZESTH - "
W xR du /)N - B A DIEHETER ¢ HifE du i Ly
ZAT 2 # of molecules, JRE[] u )
dnu . dnu e L V .................. .y
N ) N (u”)du «
m  Why the function f depends on u?? [fjJE u? du
W Because probability of finding a molecule in — -
u u;du ]
-du
f—%
W ZE5A probability of finding a molecule in P «— |
-u-du -u

W JRRI . B AERAR S TR EHFRAEMHEERTEAEN ST o RO TT AR
EHETRAEEFR > REFERERENAEME —RKET A L& net
velocity.

w A f(u?), A f(u), BtsEE T E AT Z symmetry.
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W [EgH > TEALA
dn,/ N = f (v2) dv
dn, /N = f (w2) dw

B OIRAEIRMIER ¢ FRF R E—E o FAEX DT A B B A u Al u+ du FERTY HE BB
H v AT v+dViERE AR Sy fe]?

W S DURR BERFR T8 E By dny,, FOE PR s 77 1Y probability: fE FRIS

dny, (dny\ [(dn, ,
N \N N JREN

4.1
Ay, — f(uz)f(vz)dudv b

2 4 Velocity space 2 4R TE|FERE . Velocity space
W The density at (u,v) is dn,, / dudv = N f(u?)f(v?)

W Z% derive the form of the f(u2), F{fa] LLigE FH 55 —4H 7 s
dn,..= N f(u?)f(v?)du’dv’, 1>&
dn,.

Point density at (1, v’) = m = Nf@u?)fv?)
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7R (u v) AL ERLE (U, v) BILE > ATDAVERRI B RS > ANE Y EW—
BEARE > AL
N flu?)f(v?) = N f(u?)f(v?)

A —H AR Y (U, v) AHE e —SH A R Y

u’' = (u? +v2)V2; v'=0, FiETERI% > FMEERS:

f(u2+ V2)f(0) = f(L2)f(v?)
f(0) = A...const. SAf(U+ v2) = fUDf(V2), e.g., sin & * sin0 =0 / e* - e%=1, et
P m] DAEEBH LA B e8] Ll & _EIEAVRE &

B THIEEATH S (W) = AP Bf (u?) = Ae P
PEEER A R e & 0 (sE PP 5 ] = 5526y exponential, 7RE[]
f(u?) = Ae P** | f(v2) = Ae FY"
FY2& ATy dny/N = f(u?)du IR R
N _ e au

WRIAAE L2 F IE TR Y exponential, 72 #LEL & hlL £ RHE

& u> oo, AL E AT RS KHY probability in finding such molecules. JRE & 75 #EES K HY
K.E. BSR4 AT iVENL « INBE - _EUE TR -
EAMAIRE—E7 T4 X J7H LRSS KR probability —0; 24 A E %
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w2 HAT » T E]
HE—5F1F x FELE (7 v u+du 2[5) Ay probability HijfE u

FedufEE (dn/N =fud)du) DUREREEL f(u?) = Ae A kSRR 4 -
B AR MR H 2 R TR G -

m HF R

B fUW)HVAERE » Eu>w©
B IR SE 2R E T A I

“fiEf7” HEFL{FIMEFT probability BE3% - ¥ 2 distribution function Ae A |, iE1E
g = s IR > JRE[ normal probability curve = Gaussian curve of error (Gauss

error function) , :STEAEL L& TIEER “EaiEF" o BRETIEER
oy & A4 Y random errors Y534 ©

PP IERAE ] DAL N Y B T
M To find the distribution of molecular speeds
B To evaluate the A and B (distribution function _F#Y)

ZHEZER L dny,,, /N BRI L S8R — AR AL

u-> u+du
v v+dv } HYZEE 73 & > JRE]]
w = w+dw

dn,,/N = f(u?)f(v?)f(w?)dudvdw

HERTTETHE BB g /N = Ale 7 dudvaw
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5B T = T 2 P PR AR R (A T

Z
" dv

(u,v,w) dw c
Zdu /
w )

¥ v

X

Elﬁtﬁ%ﬁlﬂ — I TAE= TR ERVEREE S A B u, v, wi TR/ N BRI R 7T 4R B R
Mo FLEFER Ry dn

_ NA3e—ﬂ(u2+v2+vv2)
dudwvdw

X CZ— u2 +V2 _|_W2

JAEL point density at (u, v, w) = NA3e B¢

FEEURENEEN, A, p LSS ¢, FREEERYITH - A M ENEEINE -

TTFEEAELAC Ry=PRAYEKAS FAMEEN 2 ERL A Y -

EAEPAMCER T ¢ AF ¢ Bl c+de ZREIRVERRREIA 2/ 00T 7 dng BUE RN Z 9T
SN B Oy A T R AERE o R ¢ dng=ERIAY T X BRARAGAR -

% dVgo FoERFRRSHE - JRE] infinitesimals when dc=>0
4 4 ATt . - N
AVspen = gn(c + dc)3® — §TL’C3 =3 [3c?dc + 3c(dc)? + (dc)?]
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RIFEFFE] dVge = 47 c2de, H LGSR AT ¢
dn, = 4rNA3e P’ c2dc

L&KL Maxwell distribution iy—FEFR R T BEaRBAZE MY ¢ B c+de Z[Eliy 57—+
EI’]Q%ZE BN, ¢, dc DL FEEUE A K B El’]*@%%f%_ﬁ

EXAEERAHZA] > EBEEL AN S -
A K BETH (57 1HY) distribution {2 T8 (N) KHPH KE. (&) ik
53 T4 N TTHEFTA FTRE 2 ST 0 > oo fIHESE « N = [7 dn,

1
T KE., Bl 5 MC bl B ITE K.E. 2 dn,, FHEFTATE ¢ IEESTRLL N:
I 1mc dn.
F=22
N
i EE R SRR DR ERA R B

- N =I:4MVA3e‘ﬂczczdc bz

1=47A3 IOOO cle ™' dc >

-.-fcze‘@zdc=ﬂ”2/4 /2
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: % me 2472NA % c2dc

g =
N

=2m(B1 z)¥? jowc“e-ﬂ“dc
372_1/2

8ﬂ5/2
. E=3m/48,= B=3m/4z

JRENB{E FesZ T~ (m=const.)
FHIERSAT - — S H RS \?Z#&F? Bl 2 SAENRERN &

2 ' 2 NO
)l/\\\/—\E?\ % ﬂ— m/2KT

o0 2
jo cle ™ dc=

ji=g=]
A3 :(EJBIZ :( m jB/z
' T 27KT
m 1/2
A=l ——
()
m \3/2 ,
B A Maxwell distribution 2 BEEEAVIFE ¢ | dn, = 4N (2 kT) c2e~mc"/2kT g
Y
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e |

Integrals which occur in the kinetic theory of gases

(1)

2)

it | AU ZBEARNNE

A

i 4]
x¥e P dx = 2[ x4y
- 0
0
e_ﬂ"zdx = %ﬁﬁ_”z
2 —ﬂ'x dx_tflﬁ 3/2

xtoBx? d‘f—z\[ﬁ 5/2
Jo

Ao 2” | int+4)
ﬁﬁ dx = 2\/,. ﬁ

JO 22"”!

v

A

nf—FEEIE -

(6)

LY

L

v0

v

00

e il

(* G0

aa

0

Ao

0

_ 2
x2"+1€ Bx dx=0

-

xe P dx = 187!
e P dx = 1p72

xe P dx = f3

in-l_lf.’_ﬂxz dx _ %(H!}ﬁ—(n+ 3]
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[Tm

OBV Y IE S5

Maxwell distribution 3% T

1. HEAHAEC e +dc HZr+8

2 ﬁ\¥ﬁ.ﬁ—e

3. i

4

= J e ae L (‘jjfqu;,@r ;R a@ sxgMaxwell distribution.

1
(dn j = fraction of molecules i
N dc

the molecules in the speed range /unit width of the mterval.

i[dnc Ny R LU jmcze”‘”z’2kT
N { dc

27KT
ZINEN i[dncjvs.c
N \ dc

B NEREAREEE T > Maxwell distribution 5 DAN, A3
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BT SRR AR ¢ BT (c—c + de 2 ) M B AT - Hh4RAT IR
R R PIP)ER > PRURsC? is dominant; exponential JH2&-T-&1 > ZAific(HEE A% > exponential
IHmtdominant 1 > (SRS AR REEIR -

JEdhER B K E - S A ECy, — B URERVEE - N TR EREk -
TR,

dc\N dc kT 2mkT kT

d <1 dnc> _ 47r( m )3/2 (Zce"mCZ/ZRT _ c2p-mc?/2kT E) _ 4n( m )3/2 ce—mc?/2kT (2 _ m_c2> =0

iZh4% F7A ={Ehorizontal tangents :

1. atc=0 L
—=mc? /KT

2. atc=o, when € 2 =

3, me_ _(2kT\"? _ (2RT\'?
kit ™ T\ ) T\ M

I B SRS TSR R AR B - BT = 07 R TSR I
HHEREETT > [ Cp R I S5 {EC -

AT AR RS B 4 BBV SS - BB RS B i > BT
dhis B s -

ul
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B AR S SE S THVE R DR - B4 TRE AR o = (2’”) ZET)

W AR AT LA AR B AR (E A e S 878 I GRS (E A AR g
[ > e.g. fEO°KES - SR e iRAVEE%E - IEFTA T B AMERVKE = 0

FMaxwell distribution s E— b (BLFEAH R AV EHE

= ARFANA LA EE R R e B g () By I (Eg, AT AT LUk g (o) e Bldn, (B EC
o TRVEH ) > & REFT A HIERE0— oo AHIIEA, FEER AN

— fo g(c)dn,
g = N
o oeg., FMERETEmolecule Zave. K.Ei
1 ® >mc?dn,., v y
9(0) = £ = 2me? __Jo gmetdne (pgme )
2 N
3/2
v dn, = 4N (L) C2€—mcz/2deC
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[ H—15] Fy ave. speed €
00 0 m \3/2 2
Jo cdne Jy cAnN (W) el Hde - <8kT>1/2

‘TN N m
C,ms Speed ) _ 32 2
fo Czdnc fo C24T[N (m) CZe—mC /2deC
rmst TN 372 N From the table
m 0 2 0 2
= 477 (—— 4 ,—mc*/2kT f 4 ,—mc /Zde
n(ZkT) fo c*e dc ) c*e c
m \3/21 _3, m \75/2 1 3, m \75/2
= 4m (anT) 273 (anT) =2Vmy (anT)
m \-1 3 3KkT 3kT\*/?
=7T0( ) S = “Crms = | ——
2wkT 2 m m
—H~]:§j<d\jjlz :(BKTJUZ N (SijUZ . (Zk_l_)llz
m zm m

1.732 > 1597 > 1414
B¢ 1 > 0922 >0.816

C R C e FEVMEZSREL ~ FHE -
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B2 YE{E ; equipartition of energy
PR Ay BT © Maxwell distribution g% 7 8 F St — RISERY - G4 b
dnypw /N = f@W?)f (v?) f(w?)dudvdw

v — fCC:OOO g(C)dnC > oy
ARIEUR P E R R g = N MBIV TIESATT

S S udnyy,
B N

&l

fR oY EEE & =M 2 ERFTA AT RE(E(- 0 > )

AR R 2 dny, > BIFERS

ﬁ=A3j j j ue B+ +w?) dy dvdw =A3j ue‘ﬁuzduj e‘ﬁ"zdvj e~ B dw

AT (C)SAIATE —TE R T B EE: |7 x* e ™ dx =0 ; Eitt u =

Her 8 FEEIRZ u=v=w=0

GHPE—rERIESE - EMHENZ RRERE S e e g —#8E
H RTFTPRET RO B AR RE RS
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1/2

fEx S RITIT EIOAHRRE — T p) = ()" g /it
W R T o

A=(m/27KT)Y2 ; B=m/2kT

7 (U2)=Ae P

SI0=8 =6 =4 =32 0 24 e 8o

«——uX10—4 uX10~4 —>

FHIPC ] ] DS 2152 e Ea R U SRR © AEplu P39 (Hu HYURK -

SR E % o SR P Y — RS & - didR FRVERREELIE - #E —T HAR
FEURRREL B A RS -uly o T RVRER B 58 = —1%HY BRI eATE Ry — TR E -
TEAERU > Ik -

RIEE— T R 2R o BRI ES R/ E > (N Ry sl BA ull-uEHY 7 ?%&Emiﬂ =Ry
IR E 7 & 2 FHIERE(K.E. ) E’—Eﬁ A U TRt T 5 muzbl R

RS -Uf5r T2 KEALE m(—uw)? = 2mu? -
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1
b FIFMaxwell 53 » 5 A—HE T e = 5 mu® 2 SPEgfH
[o'e) (ee} (ee} 1
— f_oo f_oo f_oo?muzdnuvw
Ex = N
HEFH 2 BIFTE R R e = A3e PO+ W) qudydw

g =gmaA® [7 %, [ u? e PO ) dudvdw

= %mA3 [2 w?e P dqu [© e=Bvdy [ e FW'dw

P56 ZfH 3R > A%

nl/2

233/2

oo _(® ,—-pw? 1/2 o oo
f—oo e‘ﬁvzdv—f_we B dw = (%) Ly\&f—oo uZe—ﬁuZdu =2 fo uZB—ﬁuzdu =
(ZF * n=0) (F : n=1)

FRRAILEATE ST - RIEJEEL -

_ 1 I 71/2\ [\ 2 nl/z_mA37r3/2
== ln)s) (B)
B

3/2 3/2 1/2
AR ATE 455 1 1. f= A= S| = il j A= il
AT 2 < 1 p=miakt < AL 2 A B
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BT & =5 =5 = kT
=072 T equipartition of energy Y B Bk -

AR RE B B = E O A HEHY BN > & E 0 BERE 2 fy degree of freedom e
I > —{f4rF78 =Tatranslational degrees of freedom -

PEEEIRE R R = > JRE] -
1 1 1 3
§:§+§+€_Z=§kT+EkT+EkT =—kT

st =77l (equipartition of energy) E 7 : M?iﬁz BEE W = IEA T T A R EE B AT
47 > JRBlldegrees of freedom - —fiE 5 EBA =THMEFHEK -

{7 THIE ETE’S@Z%IEZWB’J%W > H g —TH R oy B B AR Z ST RREE BT
HRFEE ﬁﬂﬁﬁﬁlﬂlﬁﬁ[ﬁ%ﬁﬁiﬁﬁ‘éE%L\Tg KTERPRER - 8301« —RERIRE —0TZ

ECUESIE SN
U SRS SUP S
E—Zmu va sz

Horpag— TR B F"F TTE EZ?%%H:@J tiﬁﬁﬁiﬁﬁ‘éihf/\% kT 3 NEERTESRL
=%kT+ kT + - kT——kT
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] = orhREEE B > EEHTEEEE > il - —EXET(diatomic) 71 B W IE S

VL EEENEE - BT A B B E Sex Biisky fil2 maEREPTEREES - EEhE B e At
‘e PHREE R ERILA:

1kT+1kT—kT
2 2

ZFE x iy

XG5+ Z EEh
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—ENR TR T B —REAIEL - AR HR L —HE - [HESREEE
FH R IIREZRAY

TR B RE TR B S AR U () Z AR T ERER B ¢ S IR AR R B
W ST e 1 IEE%’EZﬁﬁy$7§TEJﬂZtM§J AL EEF‘!&~IE @/a\ REEFTT > A

E ] JZE%%\?E@E— kT E EE —SIRBTERALAT (= 3 KT+ kT)

ST MR T TAEE R R T > BI40H, ~ O, ~ N ZiR300%500°K - LEIEIRENAEFT
TERHPHRE REHE AT - 12 Jﬁti“ﬁ*/EEF‘ %ﬁ%’ﬂm{ixﬂzﬁ N R fIREN H FHRE
NS E R ERHYEE K?ﬁﬁm@fﬁméﬁxmf fFRfF T o LLO, Rl » 1B T Im E R

>2000°K © HLAVZSAIN S > FrasfyEin A 2= R HI300°Km E -

HIFNR © —IrT ZBEE i EEE MERY T2 o P =LY (discrete) © fik+-H LT A FLt
RrEmRe(E > mIEEMAYEEE - —BAMNRE—FIE > fkravEgmsE b T
BRI A TETHIRE R -

1
(S+2>hv s=0,1,2,:----

Hfh= 663X10'3410U|6 sec » v HRENFR > s AT ZREEUE - [NIEE > BEE M
N 27+ EARE =—hv

l

66




E B 2 I AH

National Chung Hsing University

LA A B Maxwel | 27 3585 5 - b2 8 S0 B EFEAN#EAN L —SEE20RT -
MY > B T 5 - Maxwells34fi

& CET Z AElEIRE SEAT - & ARARIEL o & e 4

W

AU & AZARAEAT - BRIBEEMEIR R T -
WRF-7r TR B FHIgE 840 N RATR

Type of energy

Energy of individual
molecule

Contribution to
average energy

Remarks

Translational }
Rotational*

Vibrationalf

tmu? + Imv? + Imw?

1 2 i %3 2
glwz—_— 7[0),,

$ur? + k(r — ro)?

|
|

KT
2K T

0

Approaches zero
at very low T
Approaches kT
at very high T

* I is the moment of inertia; w. and w, are the angular velocities around the z- and

y-axis.

T u is the effective mass of the oscillator; r is the internuclear distance; # = dr/dt;
ro is the equilibrium internuclear distance.

Py ENE REE —IHMaxwell iy EAYESR g — I syIERE | S EA L
EE AW AL HE EERT FRa PR - BoE iR b T IR E A gieft kTHY

SN R N
N =]

Ae B °

67




E AR LS

National Chung Hsing University

[T Maxwell 23 #5 LI g B A s ms

\ - ; 1
" AAHSIEe = mcS T o e = (2/m)Y2eY? > o Oy {de = Ze 22 /m) 2 de

def

kT

1 \3/2
dn, = 2nN (—) gl/2e=¢/KT g

BB A R R de + R AR T Rdn A 5B B T Bdn,
R 5 R T C R e A BRI B

N Zdn B EEEE TS ¢ Bl e +d e Z IRV T8 -

W Lo R SR A T EFT

SEEP AR FralEE
FINYE © AeE i SRAE R R A —
T EHUIER > NILHhSRAY BT e oy
HiHERER TR (/K- V) 4REALRAY) -
SR E AR AE Z 1R gl 2K - {2
LR AR Sy SR AT -

0 5 10 15 20

eX 1014 ergs/molecule
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%ﬁ%%@ﬁﬁ@%ﬁ’@%%E%%¥§Eﬁ®%%%§’KEﬁEW%ﬁT%@
FRIERZ —Hx -

SRAe PR 2/ DEM Y o THIRE B A R e E(e") - L& TR BOKS - Hok
LN(e") RreERE B T THVEHE -

N(e") = joodng
peE e T ATGEEPIRI AN (") /N F FIMaxwell5E & 77 ki % - BlfS

/ 3/2 .
N =2TL’( 1 > f el/2o=¢/KT ¢
e’

N KT

= RAIBEHRIUTA

e = kTx?, de = kTd(x?) and €¥/2 = (kT)Y/2x

NE) 2 (L2 [ e
N ﬂj\/e’/kae A= \/ﬁj\/e’/kad(e )
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-

u FHEgEESE
d(xe"xz) = e **dx + xde ™"

xde X" = d(xe‘xz) — e ¥ dx
fxde"‘2 zfd(xe‘xz)—fe‘xzdx

wORHIEE T ERRA O 5

’ r N\ 1/2 oo
N(e) = 2< d ) e=€ /KT +i e~ dx

N ﬁ \/7_T g'/kT
ﬁEF‘%:I%XEJ?%EZ
(2/+/m) exp(—x?)dx = 1 —erf/e'/kT
Je'/kT f

erf (error function)/&—TE B AV#E R 8 (transcendental function) ;
HES:

y
erf(y) = (2/V7) j exp(—x?)dx
0

BN T —IHerrorfyiR - HFiE & -yEEGE THENNEEBIRCE R AZ1T5

AR SEE ) -
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[T m g SRS - 2T » e’ > kT - » IR S VIS T T E (N A Eh4R MY
Y, \Eﬁﬁﬁﬁﬁﬁ%zid\’ FH—TER RE MR EHEIRER) - tEIEEE A bR
N]EIS) = (%)1/2 e &/kT ¢ > kT

IIEYE A FEHE B RS S8 LERTE  Fale e ORGRET
B MEERZADREGRE T ZN(E)/N v.s

.s. & HAEGETREATE -

400°K

300°K

100°K

1
10 15

5 m 25 30
¢/ X104 ergs/molec
= EE . . Eljt
HEZ T~ - BHREE

&' HY7 \¥ﬁﬁfﬁtb1ﬂ@§%55ﬁ/ﬁf Mg > EEE e E
o RESRHME e~ BERet—H

A5 A — TR 1135 A B2 B R R A [
{EEE R FESEE Ae™

co/ et SRR ARSI » ECPARMIR » o, By SERFHER (E(LAD) -
IR = 2 () e e k) -
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T EmFEET,
— R EREN KLV ERE AT ﬂ%%%ﬁ%ﬁ?&%ﬁW*ﬁ%Z%EH?ﬁ%ETE%E@% :
n(cm™3) = 47tj fw)vidv
where f(v) means R [Z 77 AL EL (velocity s(p))ace ~ density )
T A AL R 8 2 S oA e FEY - 2§ inelastic collision {FE V2 2 & {F 2
¥ isotropy HY—IH perturbation. WL AR E AIIEMH - HELEHE ZE A8t

&= maxwellian 7 > Maxwell distribution j&{E&x T, = Ty

e~ velocity 4777 can be considered Maxwellian:

mev?

m 3/2 _mev?
f@ =ne (o) e (F) = Ae57")

e energy distribution f(w) is related to the velocity distribution f(v) through

4
fwW) = —vf @)

Therefore, e -2 Maxwellian energy distribution function:
Fw) = 2.07w;¥/? wl/2g=15W/way

where w,, means e “FIg5EE &
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3
W=E=§kTe

av

EEFAEE R > RIIE Maxwell distribution 52 K 88 F-gE &5k velocity J&j Mfirst

approximation.
SHEBEBIET S - B AEE Maxwellian distribution (837 5 $RIREEFIE 5 BS540 T ¢
B ETRE(EE A ARSI MR - H 5 B DE T, >> T,

B EA#{EMfrequency, 3k collision 27 frequency 1 » (E 8{EAREZE collision
frequency )

W SRR R T RE E AR

RIEIE = IEREY » BFHY55 1A 1] LA Druyvesteyn distribution 387 o
BET-{F non-LTE plasma .~ energy distribution, f§ Druyvesteryn &5 Maxwellian fy%E -

BT~ Druyvesteryn gE& 57710 -
fw) = 1. 04WC:3/2 1/28—0.55W2/W2v

1£ Druyvesteyn 537> 45 B FAE R D R BT BEE R Ey /piI e » Eo % p (2B~
H*%%‘%F“ SR ASERTT -

PRI > ERREEEIERN > TR e B IS T AT -

|

i
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[T m 7 A « Druyvesteyn 53751 Maxwellian 5375k » © (S5 (EFRARE AT —(EHT L5376
FEasskE REaY 15 L HIZE M numerical calculations.

= @ NEALUEL M-/ D- A2 225

| n-at— 1eV

Maxwellian

’ / - — — — Druyvesteyn

E (eV)

= hEfElE > D- distribution 2Ry RIS Z BT REERE) - WE ZAE B Al
TEEsE Rl > B4 5 eV, AHERE ZETREE > 8eV, EENLIZT] 14 eV.

= N SEEENVE TN - MRS o (HE R BN EAEREE -
= D- distribution SRS TENIELES SRRV T - AGEI THPEE R RS e B BESE Y SLE -

W AIEIATE o EERAYAE R A U MRV EORE AR A [EIH6 A -
AR BB A E 58 -
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[T SEREEHNEE  RENIIERNEASEETEE 4 FEFor

5
10 I T T T
< i
) - -~ e T
[+4] 104 - \e\ - =
5 ~s
5 -
g
10°
@ T, Hg arc
= g | = const.
iR ] | | |
. 10 102 1 10? 10* 108
u(EEEE T, >> T,

Pressure (torr)

W —HEAWE TS o BEFE neutrals YRS S EERE 2 M0 > RMEEL T, 19
EFFR T YT -

T, & T RN A—  EEEJIEE] 10 - 100 Torr, Wik A= BN EFR S -
BRSO NAAE are FYEA - BEERIA T T=T,,
W HEPFRLELEE AT > T, Az 10K (HHE R 241leV), WA RS So BB R fR 2N -

TR TN
CGRME BT ~ 1010 cm3, BlAGJBE | K25 ~ 2.7x10 crn3E#:>)

" HRETEEMR (100 em®) o BVEER > BT AT E N T DU EEERY R
PG -

=L EWER T CEAT ZHRK > il E RGBSR R B - (A
BZEMESEMmME -

IS
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8. Debye length — § #2 ¥ - £ & %"‘»Et

BRI —ESHIR > WEAL TGRS EACR VETRESHIER - EEAYE T
JERR - SR RIS -

WMRBEAI P S EABGHFEA LR - A ES g S THE T -

B L % H 5?)%’*5 15 {1 7 E —Debye shielding, shielding i T & % quasi-
neutrallty AR

RO E BT YA T o WINLAEESS o M EE AR E ek & ik 5 | 8 E A [E] &
MY ER S o

W R R T B e R L s Ershield {(E7iEbulk plasma ZREVESS > BAEARSIRFFE M

§FﬁD€E@E%§§$Eﬁ%@ﬁU’Z {IJ_ZI‘T_‘{EE%‘E_AD ’ iﬁ%% : electrode
o (goij — ./
D neez ~y Plasma - gas
¢, — permitivity of the free space (2257 4 %) T

o 55 707 TP I — B 45 A GBS D > S A BEIAAI% S quasi-neutral 9 » IILAS
e ?Jntljfﬁ~ RV, > A PR -
V,= R g
red

0
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GV, FEIE TR T-A9REE, EL(E T EffPoisson’s equation 5

V.E=_P
€
vy =~
&

0

p Ry BT 7 BRI
p=e(n,—n,)+qs(d)
F£278(d) A Dirac § function; q {4—BEEE &

Debye shielding effect describes the tendency of the plasmas to oppose the change of
potential in the plasma system due to some types of perturbation - & A ZEE —4E1E T

4
O firfiperturbationf/y B BECA & -

O frFx=02 B ZV(HERV,)

O {50, R E(in the sheath) FHfs L E R 28 A7 2B 22 R BB er LA -

O fnefEx M > n(x) - 4

O Poisson’s equation RIJfH{ERK : C %
d?V

v —e(n —n (x))/ &,

st =N Ry R iEE) 2 BT
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r
O FF ¥ 2% S (Boltzmann relation) >
e (x) _ o—eV/KT, "
n;
O #% A Poisson’s equation 7 :
d?v )
Tz = el — e e

J  Using the inequality eV,<<kT,

el
Expande ~¢"*/kTe ~ 1 — —= + ..
xpand e kT,

(The major variation of V(x) is near x=0,

where varies very rapidly) V. = Vye */*p
1
d?v P .
Tz e’n;V, /eokT, If x D Vx 0
This approx, diff. eqn. has a solu: V=21, =V, ~ 379V,
—x/A\ 2.718
]/x = Voe D
1/2 1/2 LA SR Rl -
N (2 R T,=1V n, = 10% cm?
P\ nee? D n, Jp = T4 um
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Ve = Voe /A0 {LERBAEEAF I T 22BNV, » (HV, BEEEEES M, - ER R Es T E
¥ EEer > BE R R/ EIDebye shielding effect -

HA41: T,=11,600 °K/V ; Dybye lengthg 1540 -

gokTe 1/2 7,(%) 1/2 T,(eV) 1/2 Where &, = 8.854x10-22F/m
olem)={5ez) =693 =743 K = 1.38x1023J/K

e

n,(cm=3) n,(cm=3)

for cold plasma: T,=1eV,n,=10"cm= .. Ap =74 um

HHAp ZCHSHD > Ap BEne Z BEAOMTIEC Y - iSRG < FrLARES e 2 R 8EAE - AL >>1p ; LE &
FZ AR/ AR AR e B — R - BT A Al RE R R EREE TR are shielded out by the
Debye shielding effect over distances smaller than 1, ©

S8y HREZ EAES B EDebye sphere (N R8Ny » SRl FHEZ AN REERT
Z DebyeEk -

AR EASBEITEER o V = Voe /A0 » 7 A\ AT LML TR 2 FHDebyek Py~ & T

Ay - FREED 4 . 138x10°T%? 1.718x10°T*?(eV)
Np = g” NAp = Y2 = nY/?

Np WZE By > 1 57 26H{E; For T, > 1 eV and n,< 102 cm3, Ny > > IMRERGEENRE - (£75

BEATH N 8445104 22107 in a DebyeEf -

BT EE TR E R E A WA EAE UL - BT IVEVEE >> %&%@%‘%&%Fﬁ [T
(RS IFEAE o MESFENEAEAE L HEE TAVEY - HehE o DECFERE A
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''9. Basic plasma equation and Equilibrium

Plasma medium — complicated in that the charged particles are both affected by external
electric and magnetic fields.

TR A system {1k, F5fivarious approximations.

PR AE K review — ~Nmacroscopic field equations, and the current and voltage. (Kirschhoff’s
law)

Maxwell's equations: # FHEIHYE -

oH
VxE=-—u, ot (Faraday’s Law) VxH =g, %E +J (Ampere‘s Law)
eV-E=p (Gauss’s Law) uV-H=0 (Gauss‘s Law for Magnetism)
Where py, = 4nx 107 H/m (12.57x107 H/m) ; permeability in free space (‘&%)

&y = 8.85x 1012 F/m ; permittivity in free space (/185 %)
The speed of light in free space, c=(g, 1)/
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Static case : nothing dep. on time = all charges are permanently fixed in space (p and J are

const. in time)
ALK AN
Statics
V-F = £ electrostatics
€0
magnetostatics

VxH=] HV-H=0 ...
The sources of the fields, charge density p(r, t) and current density J(r, t) are related by the

charge continuity equation.

d
a—’Z +V-]J=0
V=2 aEs ]Cond_ : E EEIEE%%_‘E@*%E}J
B, ] = Jeona. + Jpot. T Jmag. Jpol LB RS BB RIS E)
Jimag * BEVERTIRHA HREFE
In a plasma in vacuum, /., and .., are zeroand J = J ,,,4

H—RHAES Z ARV 277 2 Gauss's law
80_[ V-Edef pdV=q=eOf E-dA
|74 |74 S
g J?giv A & e AT, [FIEEFAMTIR BT ¥fegn. of continuity 5752 :

q
== dA =0
TR A
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= —RGPEVNEE ] Z IR A H A FER RS <~ SR Em At - JREIERBHEE A2 2y
(conserved) °

HMaxwell's eqn. 15-41:

0FE
VXH=€0E+]

YT —> =0 such thatJ7x

V-VXH=V-J; =0

dJx

[m§

» Hf g T displacement current density flowing in the vacuum

]+ HEBEEAATELENEREE

n + ] - jEHtake divergence 15

Jr -

total current density

= Jrx(t) indep. of x. HASRANR—M 2 FomiE:

Kirchhoff’s current law : f£—kfliz - JRRIHGA A 2 fHE RV E R -

e.g.

L
/ I

-} - - - < sheath
Jr(®)  « nonuniform plasma

« sheath

N\

Iy
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m i EEEA:

Lg =1+ 1

m ﬁn%%—fzo; AL 7 5 H 2, B R E AT

oH
i Maxwell's egqn. /541 :V X E = _“OE =V XE=0

JRE[IEREH
E ] e [ E EE 1 0 27 31 P S
E = —V(p
A > 312 closed loop C &4y

7€ E-dl =— 7€|7g0 dl = 7£d¢—0
c

Al 22 HE = Kirchhoff’s voltage law —[E|%E(F—ialE% F 7 BB BRI R0 o

INE RV +V2+V3
R v-E=L tAE=-7p
0

Vip = —g£:>Pmsson s equ.
0
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[T Poisson’s 2zt a2ty — » g —FEAT -
MRl SR i A S AR R 10C S BE M, » L8 B 28 [ 25 (x=0)

I=10cm
J_ a, = 10" eem™ (2 L
e Yy g’
I
2 0 X o
EAE AR HAYET
, . d?o en;
HFPoisson’s HTE = —_— = ——
dx? o .
LI TR @ =0 at x =+
de
P Oat x=0

B N B 58 A AF W B iR 2 HUC ET7 (x=0) 23><105V IEZEILEENEF s AR
SR 2 RER ST ENEE T A EE TR R > ZEE quasi-neutral o
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r
Lorentz Force Law
Electric and magnetic fields exert forces on charged particles given by the Lorentz force law;

F = q(E + vB)
v : particle velocity, B = ,uoﬁ . magnetic induction vector

The charged particles move under the action of the Lorentz force.

The moving charges in turn contribute to both p and J in the plasma.

If pand J are linearly related to E and B, then the field equations are linear. As we shall see,
this is not generally the case for a plasma.

Nevertheless, linearization may br possible in same cases for which the plasma may
considered to have an effective dielectric constant; that is the “free charges” play the same
role as “ bound charges” in a dielectric.

NTTHW
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[ Displacement Current

There is an appreciable resistivity to a low-temperature weakly ionized plasma =we need
consider the plasma and the sheaths to be part of an electric circuit.

The plasma can be represented by a resistance R, and an inductance L, in parallel with a
capacitance C,. Ry is due to e collisions w/ neutrals and ions as they drift to carry the RF current.

The effect of collisions w/ neutrals is given by the mobility formula:

va

e R

B Z TN CB
\

PLASMA %Cp ?Rp @ RF

— 52 %105 3/2 (A9 | _ |

Ty = 52X 10 Z AT, (A20) J R, %v c, Electrical representation

*1 1 of the sheath-plasma system

A4
L, is due to relative inertia of the ions and es, which causes them to respond differently to an AC
field; this effect is negligibly small. C, is the coupling from one plate to the other via
displacement current; this is in parallel because that current would flow even if the plasma had
infinite resistance.

_ (A2 — 15) and that w/ ions

myv

u=puE, o =

Since the plates are so apart, this capacitance is also negligible (*- C « 2) :

Let’s assume Ry = 0 as before we can concentrate on the displacement current.
Vg and Vg --- sheath drop on each electrode: CA and CB the sheath capacitances. Each sheath

of area A has a capacitance: C = g, 2, d = Spepye + dc-1

@ C will oscillate as d oscillates.
SE 86
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The sheath impedance is Z = Ji and for a voltage V across the sheath, the displacement
current |, is given by:

Vv , A
Iy = 7 = jwCV =]a)VEOE

This RF current has to pass through both sheaths, so we have:

where Vs, is the sheath drop on sheath A, etc.
Assuming the sheath thickness to be about the same on average, we have:

Vsa _ 45
VSB AA

m.
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B [EAPIC simulation time history over 1010s,
B )y ,— xphase space

B number N sheet vs. time
B O vs. x for 100 unneutralized ion sheet. (with e/M for Ar*)

Phase Space Number 500000 Potential
le+06 100 T :
\
Cold ions only, Argon \ =0
At=10"10s \
\
\ ‘
"%.
\
e Xew = ulbvllsll'vvf.(”!’i, i N® ‘\_"‘. o)
One ion \
li
80 0
-le+06 0 Time 25008 0 * 0.1
0 3 0l / ‘
(@) (b) (c)

BT HIER— @
VS, X' HERE10-10F bk 2>
BRI

e THE T WIE100/E » — i
KT T
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PERIODIC TABLE OF THE ELEMENTS -
1A GASES
1 1.008 2 400260
H He
Hydrogen A 1A IVA VA VIIA Helium
3 6.941 4 9.01218 5 10.81 18.9984 10 20.179|
Li | Be B ﬁ F | Ne
Lithium [ Beryitlum Boron Fluorine Neon
17 229808 12 24305 '_ 17 35453 18 39948
Na Mg s | Cl | Ar
Sodium | Magnesiur ns \:] VB viB viiB il 1] 8 hosphorus i Sulfur | Chiorine | Argor
19 39102 20 4008 271 4s.9550f 2 4780 23 509414 2‘ 51 25 549380 26 ss847] 27 s69332f 28 587129 e3546] 30 537 31 6972f 32 7250 33 769216] 34  7896] 35 79.90¢] 36 8380
K Ca | Sc ]V Mn| Fe | Co] Ni | Cu| Zn | Ga Ge As | Se | Br | Kr
Pot m I Caicium JScandit um Manganese Iron Cobait Nickel Copper Zinc Gallium [ Germaniur Arsenic || Selenium | Bromine | Kryptor
37 ss.4678] 38  s7.62] 39 889059 2d 47 929064} 42 43i89062)f 44 101.07] 451029055] 46 106.4] 47 107868 48 112.00f 49 11482 5O 11869 51 12175] 52 127.60] 53126.9045] 54 13130
Rb Sr b ] Nb Tc | Ru ] Rh | Pd | Ag | Cd In Sn | Sb 1e I Xe
Rubidium Il Strontium | Yttrium B Hi Niobium Eohtigesnty Techretium | Ruthenium | Rh Palladium Sitver Cadmium | Indium Tin Antimony [ Tellurium lodine Xenon
551320055 56 137.34] 57 1389085+ 72 178.09] 731809479 74 18385] 75 18620 76 1902 mz 78 195.00] 79196.9665] B0 20059f 81 20637 82 2072 83208.9806] 84 (210] 85 210] 86 222
Cs | Ba La Hf | Ta | W | Re | Os Ir Pt | Au | Hg| TI | Pb | Bi | Po | At | Rn
Cesium Bariun snthar Hafnium | Tantalum [ Tungsten | Rhenium Jsmium indium Platinum Gold Mercury Thallium Lead Bismuth § Polonium | Astatine Radon
87 (223882260254 89 2zn+] 104 2en] 105 ze2] 106 (263
Fr | Ra | Ac | Unq | Unp | Unh
Francium | Radium | Actinium J(uUnnicuadum) ] Unnipentum) | (Uaninexium)
Key: * 58 14012 591409077] 60 14824 61 10|62 1504 63 151.96] 64 157.25] 651569254 66 162.50] 671629303 68 167.26] 69r68932] 70 130 7T vreer
Alomic Number — g (57— 0 Ce | Pr INd|Pm|Sm| Eu | Gd| Tb | Dy | Ho| Er | Tm | Yb | Lu
Symbol Fr Cerium Neodymium § Prome Samariumfl Europium | Gadolinum | Terbium [ Dysprosium | Holmium Erbium Thulium [ Ytterbium | Lutetiun
NeMe gl Francium st | 902320301|9 12310001 ] 92 238020] 9B ewrosea| 94  202f 95 23] 96 2an 97 2en 98 240 99 sl 100 zsa] 101 wsel 102 @2sa] 103 (257)
b Th | Pa U | Np|] Pu|Am | Cm| Bk C f r Es FFm Md No | Lr
Thorium | Protact Uranium J Neptunium § Plutonium | Amenciur Curium | Berkelium | Californium [ Einsteinium ermium Nobetium [ Lawrenciun

MULTH
ARC

MULTI-ARC INC.

“Global Know-How Applied Locally”

oN O/v

/"Erwo“‘l~

90




B 2T 4K
National Chung Hsing University

B

CVD

Plasma

100 Pa

20, =

(5) Plas mapolymerization

2

pressure:

©

100

temperature:

(€ PlaTeG 1990
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'"'11. Plasma Frequency

gt 23 ER A bulk/Zquasi-neutral 17 > 1565%&%[?f_i;lﬁ’])%ﬁBTE"@J(perturbatlon)“bf”jf—:rgtt
Debye sphereig/NVESTE 354 - HHINE FEE - B EETHBIEEIFTS [ 2 T 7EI
AT Rk -

HiETHEE) 2 SE > FE&K R (oscillation) - 18£8 TRz IV -plasma freq. or
Langmuir freq. w,, ° APl N AR T -

nez 1/2
a)pz(me ] =18,0007zn,"* Hz
ego

=9,000(27)n,"* Hz
For a typical n, = 100 cm-3

w, = 9000 x 10°=9 x 108 Hz
= 900 MHz > > 13.56 MHz
13.56 MHzi# i & F 7k sustain r.f. dischargef?.

Plasma freq. w,, is related to 4, :
1/2 1/2
eokT,\ " [nee?
Nee? Me&o

kT2
=(—e) ~ V, AL B B
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Wt b3t EEIREEIE - TR —(EA R - JRH]

N EEEENER <o, RRETRENY - R B DE

N B > o, SRR G TR T -

T, BRI - B T B G I A o BT -

EHHFAER IR -

YIS - AR BT S TR
Ap<<L ; Np>>1

HETA B (AR R 2R T Z AR ARR - AR LA Z R B AR - FEE
Iy E B Rt B 2 FINEWAEHIER - M2l miegh 15 - EERAYRRE A A
AMEEEET -

BT Ry B T B P VR R Rl AR AT B> - S (ERREA (R
MIEE M RAS

wt > 1
DLE =R AR EDR e A fra— BRI -
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[ . .
12. Plasma oscillations

= EfE/E (ionosphere) > ASEE . ERY—JE(~50 km)ESs—BIRTEESE - KE KIGHTRINE
B 2R Z BT NIbEA TR T > RS T EEEEE T AE 0 WL
BAMTm] LR RS By 2 Ef -

B Ong BRI FELIREERYE T FE o noth L ERET- AV E (— neutrality) -
B MR ERECESZ 2R RS 1 -PHpiRES - EERgA (s 2

W RE TR AR ISR > AR G AR PR R Y R R AR
RV E » S m ey R AR AL ER - S ERERE - IHMEILAZERIMFIR
MpiRRE > Kifi— NEE T8 - Qb MIsi kel E &S - BT AE R PR IIE T Rak

‘T electric force -

WS B (x-direct) > e BAGIS(OTRS 34 » BRIP4 i
—[E/NRRAS(xt) - TR Y T - R LI - 2 T
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@ p: e” FE4aiFcontained between a and b
/ planes ft]
g
~— Svas e 14H#f1{% » now contained in a’
I ‘{ //Z/ and b’ planes 7 fif]

..-'_"..::+,r:-.5

#e  between aand b oc n,Ax
—[E]EEH# e- are now contained in Ax+As » HZREHNEE R T
NAX N
AX + AS 14 As

o RFEEE(AK > BT LUERET IHA (binomial) (1+e)'=1—¢: <<l
e
AX

W HRREETREIAA R ZE > A B 2R BT A RN,
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\

BEEEAURTAT : p=—(n—nge

ds
P = ToC0x
WE N EAIcharge density is related to the Maxwell equation
i
€0
WARIER A HAhHfieldstEE - RAENRETREYES - BT DI —
KERE - By
0E, mnyeds npe
Ix & aijx _E_OS+ Rk
ngpeé
x = E_S
B.C. #s=0 > E,=0 ; k=0 R[] 0
n (B R BT E 2 ) K/;)
noe?
F,=—-E,e=— S
€0

BFIRIE S0y R/ NEEE e 22 s => e2 harmonic oscillation.

WA T R me T = — 1

€o

2= ]
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[ {0lE - FRMF2EER S B LL harmonic 75 2L o>,
S (t) X coSs a)pt~ei“)pt "
The frequency of oscillation: o @\
2 noez n082
w, = Try S = cos t
EoMe EoMe
.62 1/2
@, :( 0 J
Fort ionosphere

IR AR R R A R - MRS PRGN T S 0p - SRIEHITE -
(AP 2 A 2 s E NS P e AR SRR EERE - A SR I B B 3 EoAth (T B A=
B wp Z FEFREERZ > SEELSSRITIRHEK -

RN ABEIIRENIRE » ndBE Z R (=102 fem3)" > w,th—1% > NI ERZ
AL RE TG - REET 5 T Litiw, Zharmonic oscillator fy—

quasi-particlexi EHRE & : nwp = Ep = Plasmon

AREAIHETZFE— ﬁ%  REE S ImAEE TR - IMRFFRELE T8

I fri—{[Eplasmon nw, 44 plasma oscillations ©

RAS B (e E)~101%/cm? » Big @ EER 7 e % [ (~1023/cm3) i » efVEHEER
/NT o R A F Maxwell-Boltzmann statistics 2R R » {H &R 7 e 2 8 HIL A A
quantum mechanics=;Fermi-Dirac statisticsaRERIH | -
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-
13. Diffusion of charged particles in plasma

s 2 AT > M LUSE « EFEEEN > AT &L A A —density gradient » DL
T NAZRET] BB FEE% 2 neutral atoms 2 JEXT 5] o3 4f

N Ry AR EERBIE Z 80 > FEAERL Tl g [ (R S B AL - & BRI B S B 1
FATM#ERT - {8 A H A 2 EFUR TR A H -

1. 4tz iEE(random walk)

2. HE R 2 hilE

BAT Z HEME > (R EN T EBN AL o R BRI AL =AY o
BRI M o PR AL S 8GR S B A B B A AN AR > S B
TEBEBILEER - EMPEE S B VIREURED, KD, » 281 & T AL T 3 I
ne = n; = 10°em ™I EAERARA FIRLIL - B/ N R AR/ (A << L) °
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Diffusion (drift velocity)

AR TR BB T > BB v LI E AR EEG] - R BEN RS R T B
H= g ; He > I
Ty BB Z WD T BA M - FER[IEinstein eqgn.
Jalp
kT

D, >> D;; e FURRAE R fiea s iedle 1 Ry th > NI IR 722 A fer > $7DebyeRi(EA -
ﬁ/JﬂZLIEWF’aﬁ?EﬁM\&E <Ap WYEIE > FRRMHIEZ EIHE M2 i -

B EFZ RN EIEE,, » BRI 2 5 o SRS E A E SRR E(ERE T
LJ@)LF?EI’]LTQ R SHIEE TSN IR S MR o NS P E s A T4 LU E
R —REHERY -

TREIE AMEEE 2 n, = n, = n; e ZfluxBdions fluxtE%E » JRE[
r,=T;=T
B MEAR SR FAH A AF PR — s~ Fy © M EfES (ambipolar diffusion) -
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LT R (o) SAH:
B —DVn : fhf&diffusion flux - 2k 2 5228 -
B (DnpEs SH%ZEIE(E R 2 BB TR B R -
e AR EEdER PV IE & B AR S S
Fe = —DeVne — nepleEsc
Iy = =DiVn; —niju;Esc
a5, = n; = n LK Vn, = Vn; = Vn > DL ERI=CRI1S:
D, —D;\Vn
Eg. = —
He T Ui ) M
r=_ (Di.ue — Depi;
He + Ui

> Vn=-D,Vn

AT AL T Z IR LI B2 S B AT (5 A (A - T <2 i fxambipolardfs

Be(%%D,: ) _ Deli + Dike

* He t U
DBk T EEAE P IE R LA AFH D i
AN Fope >> py ZHL > D XFIEE Ry Da = D; (1 + eul)

_ lq| D,

Ue =

KT,
lq|D;

~ kT,
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-
14. Bohm Sheath Criterion & Presheaths:

x=0 {%7 1> sheath A1 plasma Z [EIFYFLIET » FHFYEET BEESTIRLZET -

Z MV 007 =~ my,(0)* ~elV () -V (0] o
1/2 — ]

v, (X) = {vi (0) - 2¢elv (X%_V (0)]} v ©
Y fon flow 2 continuity (fE#HJE/275 3¢ HE)

ni(x) vi(x) =n;(0) v;(0)
ﬂ:t , /2 Plasma Quasi-Neutral

ni (X) _ ni (O)Vi (O)|:V| (0)2 _ 29[\/ (X) -V (O)]:| Transition Region T

—n (0){1— 26V )~V (O)]] Chare

Vi (O) m. Region

TSR EA9 ] DL Boltzmann rel. for the electrons :

r‘e (X) r]e (O) e[V(X) -V (O)]J/KTe
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F& F Poissons equation : see Chapman p.66 “Glow Discharge Processes”

9V _ € [n.00-n,00]

ax’ &

= i{ne (O)ee[\/(x)—v (0) 1kTe n, (0)|:1_ 29[\/ (X) _V (O)]i|1/2]

€y Vi (0)° m,

_&n, (0){ gelV (0-V(0) Tk Te_ {1_ 29[\/ (x)-V (O)]}m}

o v, (0)*m,

FR B N 2 T3 B (nT Ry IE(E B

|:1_ 29[\/ (X) -V (O)] :|1/2 > ee[\/(x)—v (0)V KTe
v, (0)°m,

PR ERLZ

—2e[V O~V (OVKe 1 _ 2elV (x) -V (0)]

e
v, (0)°m,
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IEERF AT 3 & space charge sheath | 3R 2 Bz > JRB[ -

Ex~0, e[V(X)-V(0)] <<kT, - FfTr] LLRERIIER

—2e[V (0-V (O)VKle ~ 1 _ 2elV (x) -V (0)]
KT

e

L 28V )=V (O] _, 26V (x) -V (0)]
kTe miVi (0)2
_2eV(x) -V (0)]  —2elV(x)-V(0)]
m.v, (0)? KT,
2e[V(x) -V (0)] _ 2e[V(x) -V (0)]
KT, m.v, (0)2

e

e

JED

00> ey
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Bohm sheath criterion £55F& A @ /1~ sheath B2 bulk plasma 7 [ .ph oA @ B —#g (K 2
¥~ quasineutral region — presheath - Presheath &1 T &4 A sheath FYZE[E - JRH[]
#EA sheath HY ion ZREVHZERTY (KT /m)Y2 o SRR G=E R ETRE (T M IE
HEFmE(T;) » EERBH TR E T 2 B ESEA -

Bohm sheath {7 HIE5% © BT EHE 2 2N ETAEAEERITET > W80
DB Z LT IJH:»JZJEE%’&?TZF” FERH g TR DR A BT E AR - (b
#EA)

e ERE G ET A S ? B E A — Bt transition & 0 AT LIEESI4SHE
Eé—{lﬁ =B 2RI v; (0) [T [ EE e o

A BT R T, /J\@JTLX%?LH%K? DLECHE T Ay 2 8 n] DLREE AT - 1Y
e stmEa CRHERY V) V(0) > MY, (0)*> =eV (0)

2
V(0) = m.v. (0) _m, KT, _ KT,
2e 2el m 2e

KT,
2e

V (0) =
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B HIRAE transition &N EE ?/E{Fﬁ%@z?%ﬂﬁ BRI > BIEERVANIE
WEFRFEZE T KT Je fHE RN ERgIRE] EF T L > FEERMMER LA -

BN E—T R R W EnEET R - RAIPENEHEFEE R n, (VERE
V(0) - FH] Boltzmann [{4 :
ne (O) — nee—G'v(O)/kTe — nee—1/2
-V (0) =KT,/2e
{6 ne(0)=n;(0) > IRILLEET FRFLRL T
n, (O)v, (0) =0.61n, (%)1’2 = J,(0)= 0.61nee£

=0.61n,

KT, ]%

m.

MM > bxlcz derivation EAERE > N/ E A EGEEE T2/ ARERY - BRI
FEEE P AR IR - SRR L S A B R R - (B EREERE
[t R FE o e 2 8 KB [EAEHY -

EELER R T B AV F I EH B V) Kivky RZ ( A>> dp) @ ERFHVERE
A% T A4 sheath (collision-free sheath) -
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Probe characteristics/Bohm sheath criterion
w BEEN B TR e Ay flux=3132E E Ay flux

kT

kT _ e
SR B RV - V—ZGM(SG) BRI ¢ Y %““ )
BRI ; A0 F i AR mwmmzﬁm%mﬁwgm«:n%mx@
SRR R -

BRI E 2 H R AT e A ER 0 dsT U ERES
e(V,-Vz)
KT

e

ds '“11% ><7\‘D’ Hn=

d= EHHEE Y
V= [l EAwEE (S BT RER S MINREE)

V= EAEL
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Et

GERE R 2 B R EEEREEERE - S 2 ERHEERE AT NG RIES
d, ~1.In" x A,

Al A REEA K - HET FRER - T ELIRE e -
F£77<0.05Torr H17{mEA(self-bias) HLAE 22 5] 58 T 2 267 (R LK H g IR S HYBE A1
Fiek- 100V R ER I I BLAr plasmafizily 2 [E] 1 > HP T, ~1V > LR 8fEE R Al 232), o

HERGEREUR - WEER B2 @S2 HETERHEIET - [HHRTHE R
T S R e -

BB g [ S R e R RO SRR AIE N R ) BT ERR FHTMHZRY £4¢ > & BE TR 4Pa
YENEI20Pa » SE3REN R EE FH12mmZE R 7mm § ZRTT eI FH27MHz - 855 5 Al 6mm
Flamm > FHEFERJAIE2. 288 22 10Pa - (DL ERIBIER © BETIRE0SEEIN » ) t & A8 R )

P IFTEAY SR BT S B PR TS BRI P R P B T T T2 B 2
P B
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i T A 2 SR &L J; ATH Child-Langmuir EFIELRS

3/2
3, = 27.3(Byw2 Vs

m. d.?

S

Et

H PR B A B mA/em?2 5 Vg in kV DU dg in mm o

IR ARSI Z Mg H — R - FIEsAN 2 B

A BT A i A A L%LL%%%JL?JI@ R AR 2 fE T Al Bohm
sheath criterion - Bohm sheath criterion Z174% © #E A¥Sf&E 7 B0 2 (v,) H AR —I8
ERSRE (Vo) 4 7AE ‘iﬁiﬂﬁﬁ e

( e)“2 BB~ thermal velocity o

Vv Z1R#% Bohm sheath criterion : —r 2R B FHVEM PRIV REEEESE T, 8
BB - EFRONESRAVRETME RV ER 2 —IER R - %&%?“%Tﬁ% Bohm sheath
criterion FYZE v; £ quasineutral presheath g [& &S /17
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M
Langmuir probe technique: 19234E 1540 Langmuir /142 » B BT #G RS  F 2k &0
B EHVIETEGSE T

b

RSt Z -V REuh R - IPTAEGEANRE - AT SN EE U -

MEHH R - @AITEES 2 EBAVIERRKE (I floating) L&A 2
EEHREN 2 BT HIEET 2 random fluxes 57 71l Fs:
N.Ve . N, Vi
e & 1 . \'XB
el i
ST ENI 2V, 0 net flux DL net current 15 /52 = probe current density vs. probe voltage -
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ERF T EREHEY V, Ml — & (REE - g A —LLE 1 9 A E AR -
EEET 8 ) G4Efr— e R MR SREHEG - HIRFIEEZ random flux -

e nivi
4 i
HIF V<<V, - REE T IR - AR R —
VRSB V IS BT T
J, = ENVe v vy,
A

en,v,

InJ, =In
Ht V-V 5 barrier to 87 HARIL—[SEBEEETHIER e(V,-V) AR - NILEA
APEEie AT e A sheath AL EA > e (V,-Vy) BEERVERHRZRA - Boltzmann
distribution function Z5FFA"

—e(Vp—V)/KT.

n 'e _ e_e(vp —V; )/ kTe

N, e PP Vp
InJ, B (V,-V) A4ERG  FRSEEEE brgge . ‘\\\\,
B T 8T AR B maxwellian - : Sheathof [ ™

space charge
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®  ZE§HE > net current density HE J T J, 2 -

/ll’i’
= V<Vp )

)ll’i’
= V>Vp J

J

_ en, Vi B en.v, e_e(v_vp)/m;

4

4

J=

en,Vv,

4

e—e(V—Vp)/k'Ii' _engv,

A

N Ry Ti<<T, - BETEIAR

>V,

w4 BIRAERS RIS EE RN eI R H AR o T

logl

TERMETIEERIE » & V-5V, T AR TR DR i

1 Ta target

v

Probe voltage

WERANEGR R mR  BWEER > £ EEERTER - SR ERBI®

e
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M
m SPHESAZEE > [RIEEAendsHVEEST 0 FHINSIE /)N > BRSTEE R A o BH 2 B B AR i
drain > FEFEEEST - sheath EfE &8585 5 KRS EE -
u CRKETAUREL SRl BT BT e TEAVEE » SR ERTE
ZEGE - R EREEYNER » B B n] gE 28 4= fEsheathN - #ONEE T &R °

o ~ 2
o 25 3 .-“-":E-ln
BRI
'. o o .~ .. ! :
o %S PO :-":: G
a%s®
18,0, n
Sheath RS R
Effective
0 Collecting
Probe —“oacels SRS Interface
X LR . = ;II
g 7777777
l l“ YRy
"= O : 30
Sheath—'/ 3 % il K
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-
Electron temperature/ T,
O FEARE V- BB g - BT AR B R ETFE
j 6 et fe 73 env, /4 (random flux) » FESHETBEEVES Y BT
en e\7e e(V  -V) /KT ene\7e e AV
J=——e P ——= In),=In——-e(V,-V) kT, — =
4 4 VoY) Te k" AlnJd,
LAV, BT AR S SR — P T e(V, V) AR - PR
[ ATDLL G B it Asheath 3 B> e (V,-V ) BE REAVEE THRHE G -

!
S R A lV:—lz:V I
T R I i o S R

)

0.005

0.004

0.003

< 0.002

0.001
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-
15. Plasma types

B BRI E AT RN T O DR R T R B A - B
B SR AR B ¢ n,-1-10% cm® § T,~102-105V

5
10
Proposed
thermonuclear
104 | reactors
9 Thermonuclear
& fusion
\CD/ ig experiments
>
o 10 2 - solar Magnetron *
8 corona sputtering _Shockwave
(R 8] |
c 10 = : : - High -
& Glow : - . ; pressure
T discharges ! . Low arcs
8 L = ' pressure arcs
i Flames : MHD energy
= conversion
10 [~ lonosphere .
10 2L \ J i 1 i \ A
4 6 8 10 12 14 16 18 20
10 10 10 10 10 10 10 10 10

Electron Density (cm™)

W Solar winds;ZHin, = 5em3 K T, = 50eVAT4HEL 2 iEagstream > F7 & fL T~ © Interstellar mater
EAH=1cm3 « ZYfEM R _EJ750kmEHY E R > &n,=10° cm™ > T,=0.1eV 2 5585 - 1]
Ko R EHE R 2R AERE » 7H5000 to > 70000 °K (0.5 to 7eV) » RHEHLHN » SN
HER Ay > A RIEE e DIse ek > KRG OoRE RS F]2keV o
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Thermonuclear fusion : J T2 FiSIE N FEE A EEAZE—IET, > 10 keVAIEET 328
~10% em R (R DAE R deuterium H2RITRtritium HE atomsfE]RIRl & [ Mg - N BRla
JE - & cross section UG {E RSS2 85 keV A B DU - H2 + H3 — He+ nl
Tokamak fusion reactort [ B 7B /&

T=35 keV, T.=15 keV

AL EESRSEEIE L EEE, B AR ESE TR LT 46T

—  SERENJPrEESE — CTE plasma
HIRIFTREZ B IDREIMHE(T, = Toy = Tioy = Ty = T,= T,) » CTE plasmafE{F{ER 2B -
oV oR SR VE R A 2 SIS N E A CTE plasma » & 2R Sl N FEFE R E b= af i
P2k WEANNES o IEET M -

—  [BEE P EESE — LTE plasma
FECEADRE » BRT AN 12/ NMBEN Z EHFEHE -

—  JEBEE ST E A — non-LTE plasma » 7RB[Icold plasma -

BB imAE A 2 & - HALTE plasma (thermal plasma)#inon-LTE plasma(cold
plasma) iy Wi fEEE 4 -
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i Thermal plasmas

LTE plasma SEAE R fE 0L T HHE -
B EETAIFESHIEESR > T~108-108°K (10%-104V)
B CEERISLEARER - BERE T DA< 6000 °K

= EEGEER g A DAE R T B B 2 RIRTRIE R H G NEEE R — KSR
BT a8 Z R [E Y T -l N R -

Temperature (°K)

10°

Cold plasma Thermal/\plasma
A s

.

| = const.

N

l | | |

10 102 1 102 10*

Pressure (torr)

108

W {0 - electric arcsEiplasma jet&#l ELl atmpiEfE » T =T, o HIHEAIHUOEMAREE Al &
20,000-30,000°K - =%2%/% ~ plasma jets{Einert gas{@ s+ o] sk fiheating torch » B2 EL{H
&t torch) i sy » A Sy ke o

" ASRER T 2 LTE-plasmasH[lthermal plasmas - ELFME AT AR /E i f& coating » e.g. VPS ~

APSZEHEZUE - & FNTERaE: > BRI OIS HSE -
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FI S E 2 2% @il & (thermonuclear fusion) Y 28 4% &5 s B3 9B & Ae < ML T+ Z LTE
plasmas - Jﬁt*ﬁ%’ﬂﬁZE%%ﬁ SAE TR ERERL T B ERE R 2 XA AE A » B G &

A e BIRR LR A ey BE IR PR AVRL T M RS2, - BEEE DM £ i
JE£10 keV (> 108 °K) » DURPRAIF:ELESBER] 2 5 4 1F RN & A R AR RE -

Cold plasma
ZHIEBGERY - B R E TR A FY RIS m a0 - S ESEE

non-LTE plasma -

FEnon-LTE plasmarft » T 55t Bk TR & %
T, >> T,>T,, » T,A[&#£10%-10° °K(1-10 eV)

M T AR DURE =0 - EHER — 250 -

SRS BRI R RN BRI RRE - DURAERHEEOR T ELRAG(F F AT A2 A7)
B IE -

FEAFIFI T A A AT E S B (EME T L ESERE LI TEFEA -
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116. Cold Plasma Generation
SEAREXKHEDC - RF ~ MW power¥ 2@ fg A » Hrd 2 BB FESHINE
TREEMRIRE - %L%ﬁizﬁ%&ﬁzﬁ{% JE aflexibility » process uniformity,
COSt&prOCGSS rates -

DC glow discharge : /b & 5 FHE /K B FERRAG T > 38 EEUR IO MG E GHE
Qﬁf%'\ﬁt}ﬁﬁxfzgz QEE[Ea¥7TTZ<<<EE|phot0|onlzatlon or field emissionzE4: > ﬁﬁzaﬁ

Brh 2 IR AN - B HE T RIIRMESEIRE - BIEEE - & BURES T
ﬁI?ﬁﬁ?ﬁé’%ﬁbi

FRIGHT N B TRE BN e MRS R RERCA - ArAa S o M -

e Electron

(-16_{% 9&” O Atom
FESE R P B P RE E R R (-2m /M )

(v )
4R105 (BB T-BIRE M NEDSY » FREEZ N
Vi 52k - ~——(n)

EAE[E]y - e S I AR = E?EJI:JZ‘“EE%B‘%@EEI@?%HYE%’J EEE
SO Tl - R E R EAE S FO RN T ik 4a ¥EM 70

TEFEEEE T - HEA BT XZEEGIINE - WERAS  T(RHifEE A E
é/_,/]\-}$l%ﬁ£
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ETHVEAERE » S GEer

S REaXFET T B FE TS - SE T LIempY R - HIEGE a2
Fsfirst Townsend coeff. » HA/NFEREL « RESEE DU SRESH R

SRAsbES NIRRT E AR YL - ATV Z R Bl msR L B
EAER BAAVRH R ELT T -

=1 torr (Ne
1000 — " (Ne)
Abnormal
800 - discharge
< Townsend discharge
L 600 Ve - — — :
I
L
400
200
L 1 1 L

108 10712 108 10 1
Current Density (Amp/Cm?)

122




E CEAS TN
National Chung Hsing University

EIMNERE AN ISR - ENERKE EEEI?E AEIEE 2N o EIMINERET S
FH I RS LR EE AR T A B+ » EoRfg e BT o PLIFEE Rz B — R R{E -
SRS 4 1% 2B (Townsend discharge) -

E MR ERF 2 — MG {E (threshold value) V, » BI& 4 —TEIH{LIZ5 fRHY 4 % (avalanche

process) :
A BL N =T AL (Al A A

1. ZEGINRZ B 7R B2, - NI RS —RE T I KE T RS
?E’JT@%RF%E%Z%&?

2. WA pRHIEET- IR et o SRR E Y E T o B T A E A E SR -
3. HARL[ENT - HEERE N CKE T AN B ST R CE R as B B T R S

HUPEFHECE BT, TSGR - BT < & {EmTorrd » fE ERIMEH %
SEAEAERERGNEE B -
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EETHHEHZ I e UESAH SR T REERENETEEE /R8T 2 AR
HETEER T Z MR G R E F IR EIRAE » IEIEE R B R Y » SRR K E YA
= 0 NI D EICE -

T

W%ﬁ“ﬁ?ﬁfl‘*’éﬁj‘n EEENE o MER LT e e R - RZERIEINELZ
HECR B HYHRSS \¥%Dwiﬁb@ TZREERL

FE A DI ER 2 S (RAEAGEEBAV,, > BIFTEE 2 fF i 25 B (breakdown voltage).

EFPEDE IR TR GE R E TR — BT {A%(e- emission coefficient) -

Eiiﬁtﬂi JNE R E 2 (yield of secondary electrons)

REFR Z B R AERS 0.1 > TR A R DL _E R SEFRAsEE A 4 REE AR
—{E&ET - A E K E T AR E 2 A E R R R R e 2 AT
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BEE B T e T LR E B e it 2 e (HtEE A
KETRERLZARHILOT -

BT E SR AT T R R TR T EA R R

(photoionization) -

hw
%
TR TR KT G
B4 3 TR (photoemission) - £
N SRR TR Y CKET 0 e @ c

Pl BB R E T AR ERRR AR E SRR BRI E -

HERRERIV, 2 1% > Y ENE 2 24 > MIBERIFTR(E > IEAL B R KA et EE A
2% > WAREERNEIN > R INNE 2SN - A B RIS e R fe i R A AE N
HEEE o BEERBH A LT o BEENIEE & EE (abnormal discharge) > ﬁ%ﬂﬁﬁ“ﬂifcﬁiaaﬁﬂji
PERF R A2 N B R HAE > N2 dil SR AL FEAI SR pE 2 FHPT - %%%ﬂw {2
Nz FE H 248 T-(thermionic emission) » 2(FHEEER N » MECHCERE RS R BN E
T o
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-
EiE e EZ Rk

Dark Crooke's
m ﬁi%ﬁém L ZE%%H%@Z%WE ., Spaces ! (Cathode) Faraday Anode
o \ ‘ \ P77 I
R | RO °f ) =
7 EEATHE (plasma sheath) - 7 & L (@)
SNINERE—ERF - & 2 HEd,y Glows: Cathode Negative Positive
BHER FIp 2 SR Ry — 5 5 - ]
AAr{E2,000 V2 BTS2
Cathode fall Positive column 1Anode fall
p « d.y =50 mtorr - cm > Potential : 4:/— v,
FHIE B i B R 51 . | (b)
FEEA 2 R EF I sk A& |/ |
FRE=E - L :
W Positive column{5$E T 2485 2 X Field
w2 B 1 )
i
= %@B%/é% %}5/\\:{@@2 EIiC Regions and characteristics of a DC glow discharge: (a) discharge regions;
A% (cathode fall) ~ positive (b) potential distribution in discharge tube; (c) distribution of electric field
column L 7[5 1% 28 JBR [ (anode in discharge tube.
fall) -
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BB HY EEER R 3 AR S et BE JBA P - o [ AU I B i AL 2 A4S B it BB SR S A M
B4 : K/He (59 V) » C/CO (525V) (Table 2-1)

PatiifisE x RASEA ] = p-dy  (Table 2-2)
S AR E U EIEE Z R T » dog&Y2&EmmE[em -

ST ISR [ EE ER N - AR B RS 2 SRk R AL [F]— 24 » 5 e B 22 i #
&7 ek 2% ([ mmi £ (Table 2-3) -

RGN R E T EEAREHE T Z % - BT EGSERENZ RN > EfE
THIRE BRI -

{BEE R JE T 258 A A1 et 88 B A1 positive columnl& A o

BV ERN R 2 P EE MR B - FaradayiF & flpositive columniy 22548/ N - Ff&IHk @ (€
i Tnegative glow k fatiitg e 2= ] o SEfE] 2 i/ NEREE A Ry i f e i s H /A 8 > A5 HI

BTG, -
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TABLE 2-1 Values of Cathode Fall (in volts) (from [S], reprinted with
permission from S. C. Brown, Basic Data of Plasma Physics, MIT

Press, 1959)

Cathode Ar A He H, Hg Ne N, 0, CO CO,
Al 229 100 140 170 245 120 180 M1 @ — — —
Ag 280 130 162 216 318 150 283 — — — —
Au 285 130 165 247 — 18 288 — — — —
Ba - B & - - = 15 - = = -
Bi 212 136 137 240 —- — A0 — — = -
C - - — M0 45 - - = 5 - -
Ca — 8 8 — = 8 151 = = = =
Cd 266 119 167 2200 — 160 23 — — — -
Co ¥ - - - = = = = - - -
Cu 370 130 177 214 47 220 208 — 434 460 —
Fe 269 165 150 250 298 150 215 290 — — @~
Hg - - 142 - M40 - 26 - - .= -
I ¥ - - - = = = = = = =
K 180 64 59 94 — 68 170 — 484 460 —
Mo - = = = 3 1 = - = = =
Mg 24 119 125 183 — 94 18 330 - - -
Na 200 — 8 18 -~ B 1B - - - -
Ni 26 131 18 211 215 140 197 — — — —
Pb 207 124.177 283 - 112 20 —- — — -—
Pd 21 — - - - - - = = = =
Pt 277 131 165 276 340 152 216 364 490 475 275
Sb 29 13 — 22 — - 5 - - - -
Sn 26 124 — 2% - - 26 - - - -
St - B 8 - - - 15 - - - -
Th = = = e = B = = = = =
w - = = = 305 125 - = = - -
In 277 119 143 14 — — 216 354 430 40 —

Table 22 Values of the Product Cathode Dark Space X Pressure (in torr.cm)
(from [5), reprinted with permission from $.C. Brown, Basic Data
of Plasma Physics, MIT Press, 1959)

Cathode Air A H, He Hg N, Ne 0,
Al 0.25 0.29 0.72 132 0.33 031 0.64 0.24
C — — 0.9 - 0.69 — — —
cd — — 0.87 — - - — —
Cu 0.23 — 0.8 — 0.6 — — -~
Fe 0.52 033 09 1.30 0.34 0.42 0.72 0.31
Mg — — 0.61 1.45 — 0.35 — 0.25
Hg — — 0.9 — — —_ B —
Ni — - 09 — 04 — = Ee
Pb - - 0.84 = e s o =
Pt s - 1.0 — - — — —
In — - 0.8 — — — — —

TABLE 2-3 Anode Fall Voltage, ¥ _,. and Anode Fall

PPES

Thickness, &, (after [S5], reprinted with

permission from S.C. Brown, Basic Darta of

Plasma Physics, MIT Press, 1959)

Gas Pressure | 67 g,
(torr) o> (cm)

Hydrogen 1—s 17—19 0.5 0.7
Nitrogen 0.8 16.5
Nitrogen 0.5 IS:F
Oxygen 1 14.2
Oxygen ~0.1 >0.12
Helium i0 26
Neon 10 17
Argon 20 10
Argon o.5 153
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[ Radio frequency discharge (RFZEE)

W PR ERCE - BEVHE N R ERERS T o B R H R (R IE R
DR EERE - RIEE MR & 200 B & g E & - NILHAAE R E T4 - HER
B R EEGE Cth g T1E S - NiESUEREELE ISR o RrEMmE RS
Hh o BILURCD AR B 8Bl 2 J5 4% - IS B RE AT DL ac SRAEL -

W ac B (B) ZAERF S (<100HZ) > Sifnp R - 5 e A R e e, 51 -
B EMERAN > — HEBV (FaEN) - Y 2 B EM &L - EEEE NE
FURHOVIS > BEEFLEEK - FEEBRS(RAET - 2= [EjEE T (space charge) {F 2a i 4 Fg 5
FEEZ AT el TR R -
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W TSR DI TR TS SR 1, T TR RAPR (R A
AR M - E SRS BRI B T - AE B AT T RN H
PR SR IR T P TR & A BB © IR
TEREE A 53 (RE A SR A5 — (. Y - (BI85 th B T PO S ) -

|
m f—critical ion frequency > HEFE & -
fi = <v>4/ 2L

HCH <y > = BT R
L = e I

e
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.1 1
>f. |.e.f—<—

Ci
E Ci

f

m

B R > 1y BRI AR E AV EE TP AEES R N BEIS Y FE HANF ] - SRy
HAE [ e HV e 12 SB35 S i i A 2 Bl faf o [EELEN N » BE LI ES S EhE
stertbplasma sheath[ S8 /N T - iZ8AYfrequency & {sEpositive space chargeds s A ac
E WA ([ ~F-cyclefd] LA{sEdischarge 7 EE ¥ ELR - lonsHY &, E frequency(ion transition frequency »
L) A500kHzZ [ 44{EMHz -

HEFINE  WAMEERESR

fe= <U>4 /2L  where <v>, — & FEiE T
FHIA e 22 mobility>>ions 22 mobility » FffDAf., >> f,, o & EBISHER S8, - 1F & 22EEE
PR {Ecycle 2 fE] » FRIL 2 » FTE A FE4EFFac dischargery &5 BREAdc glow dischargefH s
Z N EERRMEERDKE -

e S B R AE 2 & i~ radio transmissiondi[& ¢ JRE[radio frequency or RF discharge °
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FESYC I ER PR R T BB ME R AR (v) A 5 109-101Ys » JZEHERFHY13.56 MHZ Fyis) -
~107/s (< 109—10/s)

BAAEFRIMNES ZMEERET EARE 2 KNE - NI BT AT 48 ER Al 1) 28 B2 11
R BRI RS -

KL » #F Eaak T{ERF dischargeryig &z &l ~ambipolar diffusionf1@fHH 2

recombination > [~ E 2 H B E 4L o

FEAT A EER SRR T EE RS T ZEE A

Power absorption by the RF dischargejﬁrT Ex2collisional=Z¢collisionless » E#Z#high-
frequency power~ collisional absorption & &2 & 1 BlEkE 1 hilifE (vy) » DA EF-Elr
PR Bl (ven)

- F£J7>10%pa (7.5 Torr) Z 84T - JHEERE S —fIEFR K (<107) - JREI AL T-AY
BN T EE S E TR 2 i R E

«  FAJI<lpa (7.5 mTorr) » JFEEFEE S 10102 » FEAEERENE T EE 2 A -
«  BRFIA(1 pato 103 pa) 2 ff] » veEilve RIAETE T IR UZEI%E (power absorption)

o BIMEREARMRG T B RISNTEARZRED DU vio<<1 (collisionless absorption)
FrEhl PR R T Ry FE BRI AR T
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RIS T » —(HE TG ERF field RS R R A £, HRIE ¢ FIAEEW :

. ek
X= Mew
_ ek = S LE =
X = 5 Eo &Y MINESENIRIE -
Mmew
.2
meX
W =
2

Blan—Hf% 2 RF§E#13.56 MHzEZ &R 3558510 Viem » FLEEIAHE ?

x=2.42cm ; x=2.1 x 108 cm/s ; W=11.3eV - F{ILEI R « —(fHEE - AE I Bl 54 22 5

Ar IV EEEFEE( 15.7 eV) » FEFE—(E > 10 VIcmAYEGEE -

N T S SR e [ - ] ATl 28 2 B T~ e - 2 #fj (random motion) » B8 FAE & — L [H 1Y

Eﬁ%‘%’?fiﬁ%ﬁﬂaﬁ%tijﬁ?%ﬁ% Eig o P8 EE Bl — (& R - B M ocsE T Y
EET A ARG EEISN T H > N PEFEEEIEEPRESE -

R E FAERFINE e ERE YRR = © BAEAEREELS T RREE R B IR & -

HNEFEENTT R NI E(E R DU 4EFF IR - R ESSEDCIEE BAER ¢
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BT PRIk T (mean power absorbed by an €) - p (RF discharges)
o TEETESREGIE T T SRR TE

e2E2  v,, | M2(Lt™®)? 1 M2t
= . =
2me V2 + w? M t=1 Mt-1

= MLt3L =FL/t

ﬁ:

SEMEDIRERE,? - NI U AE B EL TR 5 5 (A fiEfe - JRBIEE I e Bl ey B s i a)
CHAERREE NIRRT
EO Uz 1/2
E — ea W7 B A g SR PR e
BArAeRaE e E R (ave. RF power) — FiF N B S ik 45 BE AT AG A R AG 2 p

__neezE§< v )
Pv = 2m, \v2+ w?

—  RFfreq. w=10"Hz, v >10° st — vy >>0 » [Fitp,f52driving freq. o7 822 -

O At w>50kHz » JrZHVETEE ESINEE @ IS RIS 0V - RILED T
TR BN - NS AR AR EL(V,) -

O YEFHIIEE > BUERE T FH s B B R BE A LY — 2T -

A EE T BRI N A LER e AT - fESMRT i R ay -

5] HIF B &R 2 BV ) - EfaY A E R E B E -

DU
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(M e ey BERE I ) 2 X EET1ERF discharge <z £ZR NP5 HEE AT i1 fg 2 B R AS
H B EH - {H¥fsustaining the discharge EJEAA K o 2SR EE JJIE]E - discharge ” fHET
FEAAER BT N > LA T REfEEREE R T EIRSEE T - FIRFEEEN 77 I E
ik iy IR 1~ DARe B F RV 5 B B 2 b BoA [R5 B 55 v S AT B T B B i R 28
HIZ%

A T S RFERAZA PSR AT 15 22 100MHZz (\=3m) - {ELE 5 (M 28 2 & B PR (KA AR
Fo E FEEHNERMIAE - HEREHE—RERET > ERFEERMHEREVN
FRWERG Z ROSTH -

REECEFTAEBE SR mTorr MR > N RyEETHVIRZZ D058 1 B F-REATECR - S
IRGAE MG (sputtering) TR A > B HAMA 7 SR RIE L AR AP E B Bl A o0 1
I SOR [ e ZIRY R IO E A R TRV - SR EMIR5H -

135




E B 2 T A

National Chung Hsing University

17. Self -bias in RF plasma

W BRSSP TR Y — JHRFEE AT
Hrp— MR o — B AT W B ER R 7 Al RV MV, (PFHRV R fK)
BHEIERE o R Rdy ~ dy 5 RAEERR L IR AR A ~ Ay

@ @
Gr) —@®
) o L

+V 2 +V 2

vp |-

i/ \‘VbV #

RV -V

V=V, R IERFE R E G PRI E S - A
d, = d, e[ e

SR Y B AL

[ EPHRRFEGET R B R { RFEEFELE R il 2 i1 E—[HIRER s
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E ANHEII— 5K HIRIE Ry £V

+N

Q

™ time Applied voltage vs. time

=N

fast decay (electron current)

N\ ~ Ce'current

oo bl 1 1 I - time Voltage across the discharge vs. time

-V L - ion current

P
slow decay (icn current?

- MIBALRT > ISR ESEE C ERRENE IR ERR -
- BRI fﬂjﬁaa(e) %R.Z_FBEF °
- EIMINE » PSENEERIRG ~ BBRE [E-2V » BEE B DR EFES

e FH %’@biﬁc‘&ﬁ]ﬁ&?)‘ﬁ BB o
. ﬁDEhﬁ&*EE@% HFS R EREE T M ZEBARHEF AL
- ERAVEBRENEER T/ NEEES ERIRE Y ER & (REE -
o [ERAVIED PAETZR Rl A Z ot — B g s R A R ERER 5 -

A ¢ plasmasEEE(V )TERTA B N8R st 2 BB fyrey
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'18. Space Charge Limited Current / Child-
Langmuir Equation

i{" f'] ‘Q# zZ_ ';r: Ve
ﬁéﬁ‘ﬁiﬁ AR M8 m B N EE AR BB T2 -
Tl REU% &G sk I BB+ IR A EEERdHY IR FEARFL E)) -
By AR TS RASA S AR R o MR A w2 L -
Rlchardson Dushman 52045 H T hn#E sz 2 B F RS 4R R S 2 R R (A

j=AT?exp(—e@/KT)

Hot ¢ BRGNS © AR —THH R

" FHRLEHEERE SN - N —(EEGHE g St B R R AR 2= [ E
BT EARAREMBET  JRRVE R E R Z IR BT R 2 M

w eRiETEIRE > EESEIMNESAMEEE T o [ER IR AR DAL B2 ZE A A o

- —_ —d — - e —

Space charge limited current from a heated filament
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I = VA= A=A A
" BERETH A ERvEERR o NI

J= nev (1)

HrArva[ %mvzzev et

V_(ze—vjuz
U m (2)

nRIJEH—%E 2 Poisson’s equation &5
dV _ p _ne

d¥ & ¢

A E R T - RN @ xR E - ERTH(L) > QFRER

d ZV _ i (EJUZV s

2
dx* &,

vV j(m
Cdx dx® g

Fi  BTEERETHEESHILVE) > EX) - nFVE)FEZ -
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faortz - Al

l(d_Vj _d [mj”zzvm
2\ dx £, \ 2¢e

B - EEZ
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R RS0 > [RIV=0 at x=0 ; R RS

,- _4_@ Ve

2

9 Im X
IRV o X E = ‘Z_V oo X3
X

LB L2 vp > Child-LangmuirZ2 (56 6 > B 7t B AR AT - BIEEE
HME - LR BRI RRER R OB {8 PRIE A — B R m 2 (T -
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W ffthermionic emissionth > ‘EEEERIENN » FAFILGRHIE R eI E IR AYIES] - 2IE[RHIE
FA8 HRichardson-Dushman equ. FirR &y —IHEE R BUE SR A - WA S8R
HEFHERAZIVAE » A0 NEFTR

j=AT?exp(—e@/KT)

Space charge limited electron emission versus voltage for two filament temperatures T,>T,
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Konig and Maissel(1970) £ iz H#H b —FHIRERT » M 17 LU ARG
© REMECRER L EAYEE T RS B R R R SN o Rz S A R

kv3/2
ji=—5—  Child-Langmuir Law (1)
m-°d
©Ji AN H i ERE SR
3/2 3/2 3/4
\;1 - \; . j_ - (XJ FHQhi | d- Langm ui PEERRITATAEALHETNR (2)
1 2 2 2
© PR EAYEAIEEEN BRI ERE - (R R A T
A
Co 3 (3)
The rf voltage is capacitively divided between the two sheath
Vi G .
v, C, ( v ) (4)
combining (3) and (4) gives
V 3/2 d 2
V13/2 = dlz
2 2
Vv (&]“
Vo A
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B RERR HINEMEE A F 2 24005 » ER(HENESR) 2 BT & fmERAKEMR
HfEZ ELETE  TRIEKONig and Maissel :

Vi

3
4

A, d, _

72 - (R TR,

;caﬂﬁcﬁ@z;%ﬁ@ A i
B — R - B AR e R EEA - W E S — S
> R ’%&3&%2@@ G*

V,

ilEzy 7—(—) Y RTIAER EE : | u»— <
1. RSN BT - A A B R - &,
2. WIS - BRI |*| I
I U 7 44 (Emtor i (B T ARY 3T - pump

B2 2 gAY » N AUV ER S By et E 4% > 280 - EATE
T ELE R TP i Y S A 2 ] Iﬂ%%é\ﬁcﬁ%ﬂa‘%ﬁé H— S EH RS REUR © V /Vz
A E R AT > peak-to-peakyMINEEEER » DLUR(ASA)" - EHFEEL TR
0.6-0.1 7 [H] - DU ITHIBHHAREAFAERY > /J\@%Ettﬁflll KRR FAE T © DL
ArEsfi © A,JA;=0.03 = n~1.2-2.5
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FERFEIFH & 1A EIHPIEACE RS RN ERE - EHHAHE E AR UCAC TR S S e
WEZ PHHT~50Q -

BT mEMERRE R RFERIPR U ERG N Z SRAG B ) -

P 1/2
V, o [_j
P
T

Self-bias on the powered electrode

BRI NI(PIA050kHz —13.56MH2)tE 71 i IHE 2 R T B S S5 B
WAL - BRI AR R AR A REEES 1 BB SR AU T+ 8t
FIERRIA T 8 T B B N T B R A (40 R SR AT D) -

AT HTRES I e NIFEARE plasma » RS AT TIRMIM EERITT - BT
S 3 SRR T DA B A b R B S B T A -
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RF vs DC &3

©  RFEAIZ SR FEAEENEM - B ] DU A EERYEM [ ERE
AT SRR ARG - HAER(E A P RiFEE

o BUERFERFELE - NSNEMIYRIER I BT L AR BN SO AL E
PREIEA - MRBERG RN - FME HIMEBMACR D EEADRHHETH -

©  RFEZGEZRO RIS E R B S -
© EFFERFEELZ FAGEE TR E R B MK -
© ERFEHET - SmBES A ZBETREEZHIN R 2 & REE AN ER B R AT

ffliat H SRR B AR T MY TR A TR E RSBV, A SR T 2B
i > PRI R Y -
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19. Microwave Plasma (B E4§)

PIOR BB AT Z AR Ry 2.45GHz » B U2 58 E R R e g HEHY -

E WU ST 2 B RIEE=30Viem - HAESERFEIRCE T - BT Z R KIRIE - x<10°cm(10 ¢ m)

15— (EEER PE TF B S EkAE i~ 0.03eV - BEFF S EAE R AN T
eE, . B ., _mX

;W=
ma) ma)2 2

RIEE TR AFAREE T (<1 torr)E B A FR B EARFIRCEEAHES - 8RSy -

s B LR (T T B b TR 2 (P = S50 —Yea y |, DRt sh o A BB SR BB T

2me V2, +w?

He 2~ Uk ik U 3% A AE5-10Torr » HAW SR AE Z 0K iX EE4YA1E0.5-10Torr -

RFCEE A AR R ARG S ERE T - (N R HERG RS R Z K e (~22m at 13.56MHz) /] » (iU 2

#%¥at the coupling microwave cavity B 588 iz = AV > BEGAMRIGEEREVIEDE » &N Bl
W EIRE 4 2 i (A=12.24cm at 2.45GHz)
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wIEWOEEATE - EIS A/ NEEREETE(E - NRBRER AN R AMEE > NI
MREFTR PR B 2 S FEVTE FF 8 NI A D EHY SR 82 R, -

o OMMENE - MBI RO e R ik 2 E AT - (HIUR A E R — g & E AR 2 B
Fﬁﬁgﬁifhﬁm/\ﬁwﬁﬁ M7 EATRHR R ORE © P A5 s B (5 window g 2 77 b
),I/EZﬂ] 5@7

W R B AR E B SR B B AR TSR A IR Y IR ORI S B > LB,
DR DR AP AT IR Z & tuning -
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r20. ECR Plasma

ECR plasmagi £ (AR plsmazz /7 FHEMF » 784 FLAT 2 T HER (0 = 1006 24 AR

i -
BT TR -

ea

E _ eonz .

2m, v’ + o’
AR E TR IR E ISR 2 —IH B (% © B RIS
RO <o
N S 2%
el v SRR T BRI = 0
Jﬁtﬂééﬁ'ﬁfgﬁEﬁ%E’J%*%?%@(Eo)ﬂié&%ﬁﬁé\lpaﬁ-5 mTorn{iEE N Z WU I EE + IEE
Hfv~108s1 o
WERE L ERE 24— 658 - TN Tl & B EEE D4R DAr R B B iR o 4EH) -
r f 2 ByLarmorf{X :
— mVJ_
" eB

1/2

1
= °B (me J_)

eB }
@. =—;cyclotron angular freq. (2 & % #7 &)
m

c

LA AR AR B Larmor SR B 25 77 Bt 1 2R FEE SRR [NIHLBR 1~ Z A FEARR mE AR T 5% %y
G — TR S -
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Plasma stream mode

“High-Density” plasma is
obtained in the quartz
dome via the interaction

of microwaves and the
magnetic field. The neutral,
soft plasma stream 1Is
forced out from this plasma
zone by the magnetic field
gradient. This active zone
Is sharply defined and

can be arbitranly varied via
an aperture. At maximum
opening, the diameter of
the plasma stream reaches
over 250 mm.
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F!:

Practical significance of the ECR effect

Low-pressure
. excitation without filament as Cl, CF, etc
. electron source

Low Kinetic energy of ions in

. plasma
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ECR{RA -

1535B=875 gauss, ZE1-Hycyclotron freq. with m=m_ gt Z2.45GHz

R TA F 0=2.45GHZAY (U AR 4ERFERAY - 3 Y Bl Eh (g B ik 1T
FEENECR » fEmL; s 2 AN R e HIR R > W2 ECRE -

FEECRIGRME T - SEENWS 5 R Z B 2R R I - S IR IR A B R e 75 =\

FHECRIEH 2K 2 EATCE FRE2 i\ m AR AT - AR KECRIE =S/ — BN 2K -

T BT IR (S - B RPERGS IR 2 - ZEERE TR - N EA—
THEEY o TR TP AYEE T A R E

Hifxambipolar diffusion.Z i - (EEESIORFFEE P4 - BlET-{e B o L 2 B B 1 [E] i
HURE - BRBEWESIFE RS - Wik E e S I g 0 > BT aR%E 2 feE /20eV -

AT WA RTHERY BB 5 S 8 B e A T 1 e =~ /sy (Bl 4 (b (polarized); -
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AR T e T R ZAHE DT e Entea TR LS - A T b
ETHER EREERRRINo-o) T BT 2 PR ITRRISEER -

— n,e’E,’ %
p =
Zme V2+(a)_a)c)2
FFHIREHRY - Edo= 0-0.=0 » BFFHEZBIGINE - 1R =G > HRFE K

W REERCK © plasmaiEfGie REE R - NILEAESET IIRIE N - Frhl @ BRI IR
(BIVIVNZHE) = 100

= 1
. IA([) =0 Resonant —> F) oc ( ﬁ;& fi}f‘i 3 )
o © v
£ 104 :
=
P
s
?-5 17 i s 5 A%
y ™ vi+(w -w, )’
ol o
10 5 5oel ¢ m om
10 S Q‘.’-’ Nonresonant - P oc— ( L RR B )
® 1%
MY
10-2 T _
108 102 107 1 10 Y/
1 10 100 Pa

Geisler et al. JVSTAS8,908(1990)
TRUR TR IR U ¥normalized{& -~ collision freq.
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&R PR By 2 A5GHZ Ky Aw/w=0.1 27 FEIT HLHRIGHE » H R T2 1] £10Pa(0.075 Torr)f&
5 (FEEER JJRF IR % 2 2] = s AEnonresonant Y (&5

EE4SRHR © ECR plasmafE10- Torr B2 /7 #a[E YR UL D% >70-75% o

=R Ny o 18 T2 ECR heating#/collisional heating# — & (transition) » 7RE[] -
ECR coupling £ fig (KR E T4 AlIA R - REIFE<S Torr (400 Pa) -

Propagation of an Eintoa plasma

& THESE ARSI ER - F % me T EpR: -

o=, = o, plasmafreq. (2.16)

2 1/2
®, = n.e (2.17)
me80
FHEEM=ER
1/2
nee? / , _ Ne€? w?m,g,
w = =W = , Ne= — =N,
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= IEAERH - EEGRR Bol > ARG RKE TS

m

e FFRMEN,

RN KR (N> ) B0 AN o ETEEM R REZR B ST » ARSI IR A B
{8 18 BEL L 5 R i i 355 < BB A v ARz BR A 2 e — 2P« S THER SR B SN 2 By
plasma cut-off densityZAE RSN B T 2 fe S B ATEHE - DL2.ASGHZIER By -
iz JHcut-off density % By

n.=7.1x10%cm=3

WM EANEBINEENERL - AT T A - REBIRRFEYECRE -
HEWOR T IRTT A A > BTS20, =101 e Z B ST -

Et
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-
ECREESRZ (BREFTAE

w 2R RRZECRESE - M0 7 EEERE - 15 DUEREE MELE -

W ECREESEJEH (£10°-10° TorrB JJ NE(E » BIASNINGS 2 BAELLET - BRI E S
oK FEAE T ECR1 Z S iy B 0m S (Te=5 eV) -

= L)

F“Lﬁ

(=
E.

W HHECRIBHIACY BET-HE BAE10-25 V.2 1 - IHEH3-SMEHT, - BT
R - P ¢

r“[

O fEplasma sourcefjzZextracting grids -
O IREEFAS

W ECR plasmat it /s BT 3E ERYERZIFD IRV TR - SER EEH EINEIER K
BE T e SR = AR R = SR R 2 A
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21. Plasma Chemistry

QB DR RTE TP © gy By LT A 1 ER  ECEE 38 Byaliy T-{EbRr TP
BRI T 48 HY I EEEE -

=1/ o, i

Oap— [ FER T Vap= Va / Aqp

ny= b2 V, =afil 2R

415N, Bakr TR U ERER » R Ny = Niyoas Vs

FH 45353 f#(dissociation) FiTf&1S: 2 A7 8 ~ (LERME N iErYfragments » B ffTF 2 Fyradicals >
HAttriyneutral atoms » 2% [HffYfragments » ETECATEE - BB » FFTIRA]

radicals -

HLLREG (e.9. =halogensoxygenli1 2 73 F) » AN E AR EIRF20r+ - EfE
HEFRHF TS 2 &y e affinity » 72 RHEG RIS 2 Sy BB & M (electro-negative gases) e
Fian = F2:1s22s22p° ; CI7:(1s225%22p%)3s23p° ; Br: (Ar shell) 3d104s24p®
He Ne shell
08:1522s%2p*
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Homogeneous reactions
SR ESRENI TR - BRI E RSN 2 E M Bk 187 E R 2 kil -

BRI T S HE © EATAG AR T ERSMINERNLS Th I U RE B (k4G 58 AG
W AERHE Y - BRI EE R R . £ e B RS E LT TR R
B REATT

O JHiR&(excitation) : 45 e f0aE EHVER T H ER TAVIEEBEZURE T Ko THYBERE |
e+tAD>e +A"
e+A, > AS+e
e+AB > e +AB”

R AE S © vibrational - rotational ~ electronic o JFF-HYEHE (8 B EE T BB Y5
fE(electronically excited states) ; 7y A ERRRI R[S #EE) ~ HREIAVHAE -

O Dissociative attachment : 415 EEBEMEE » [KEEE(K 1eV)IB THIRERE 2
TERES T BRIV AP RIERVEAE » B S T H BRI
(=108s)ghofif T > EAEEEET

e+ AB - A+ B = Dissociative capture
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BBt BE 4K FH R 7 fE (ionization reaction) Z&4E
e+ A >AT+A +e e _ _ _
o+ AB S At + B+ ¢ ) I il 7 H54 K2 i (fon pair formation)

cb#ge + AB > At + B~ + e (dissociative capture)
e+ AB - A + B- (dissociative attachment)
AiE AR ENEERERE S @ B EEEHR ST EEFENEERS -

e.g. dissociative attachment reaction :
e+0,220+e>0+0 (3.9)
e+CF,2>CF+F+e>CF;+F (3.10)

(3.9) X =R E A Yoxygen plasma » 7] A E#photo-resist -
(3.10)=LHI =] A plasma etching Si ~ SiO,F1SigN, °

R T REM RS Z B HEYIADC PH AL S A A 25 R HYCO ~ CO RIKAR, o MAECF i B
AR FREFRTAReteh Si R SIiZALEY) » ML EY)EE GAE 2 &BHE T o, s LY i
55 - PR & Re &= #1Z(0.03-1.88 eV)

e+ AB > A+B:

e.g. HF : 1.88eV ; HI : 0.03eV.
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Table 3-1 Cross Section for Dissociative Capture

TR E S HE Z B DR ERYER T HYE
RE A KT T AR BB -

Dissociative capture 27 cross section

Molecule lon W, .« (eV) f(()vlzrgﬁ)z
S8 et TRy STy Y —
HI |- ~0.0 2300 LA Table 3-1F7 -
l, I- 0.3 300

HPW, o Fy BT B S R R R EE 2
HBr Br 0.28 2.1 REE > BN E T —(EEE - HESE

(104 em?) 21" ({EIEH {RAEE ~0.0 V)

HCl cr o8l | 1% BLRAE R S (102 cn?) 2 H (-3.75 6V) -
o, o 6.7 0.143
CO, O 8.03 0.0482
H,0 H- 8.6 0.13
H, H- 3.75 | 0.000016
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Dissociation : j&&—JHE T Blor+ 2 AV RE ERLERT D A S B —TH 0 A4
e+A,22A+¢e
e+AB>e +A+B
T R ESEE FIRVIREITIE AR E L - e Tt —E e
FHESE - HAVSTEEE UG - 8.840.2eV » [MNJEFHIRRFLE © 9.610.5eV - H,{£16.5eV
FEE 125 R impact dissociation ” fix A:cross section £9x10-17cm? « —{& 5z A vibrational
MEN T MEERREEE FVEE - a5 IR E -

A EET-fE %274 vibrational energy excitation HY cross section g5 TJE R & » v ZF|
Wi{Eorder of magnitude - HLs43F > 41 N, ~ CO ~ CO, > fiffi57EAHY cross section -
1-5x10%6cm? ; A AYEELIH, ~ O,fcross sectionHl]/)\ - 10F(50f% o

SEE Sy T R R 5 ER 2 fragments 3 4k AV IS EITRESE ~ 1013s » [ffj R S Y 238 (radiative
decay) Y HF[HIEL £ 107-108s » [A]H100 96 Y73 -7 48 H1 77 & {F FH (dissociation) (i IR 4% Hy
TN IR O1E R EE EARRE -
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T FE T LA © CH % 10 BT (L00eV ) H 2 i i M 4 B 1o IS TE BB 57
A AT 2 HP R B EIRRSY Ry ¢ 0.1-2.4x101%em? -
Table 3-2 CH,F1100eV & {15 B2 7 A A B 2 W AT TR BE (T iR SRR+ 2 B IR
CH,
Positive lons Neutral Fragments
lons o(x 1018) cm? Species o(x 1016) cm?
H* 0.04 H 2.4
H,* 0.02 H, 0.8
C* 0.05 C
CH* 0.14 CH 0.1
CH,* 0.28 CH, 0.2
CH;* 1.5 CH, 1.2
CH,* 1.8

The dissociative attachment -

T~ HEE ~ BEErayEEAN -

dissociative ionization - dissociative reactions&fi &

/
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EE# (lonization) © £ FRAE+ T EHKH lonization potentials : 7 B&5F 2 BEEEAr
i %ﬁi@xgzaﬁ B IE ~ B2 BETRE
B F-REAVEEF- Neutral lon lonization Potential (eV)
C+A DA+ 2E Ar Ar* 15.8
e+h 2 Ay Art Ar+ 27.6
e+A,>2A"+A+2¢
= = 17.4
e+AB>2e+A*+B
H H* 13.6
. He He* 24.6
/B LbREE(8-27 eV)%Bth\ R ERER Y Sy - =

ETER  BRETER SRR 14>
S AEE IR E@%T Eoe /L EEE o 0 o* 13.6
Si Sit 8.1

CH, CH,* 13

C,H, C,H," 11.4
H, H,* 15.4

g(€) HF HF* 17
H,0 H,0"* 126

N, N,* 15.6

. 0, 0, 122

: SiH, SiH,* 12.2
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EEHERZ FE (ionization reaction) (e + A, > A,)J i Fy 3Lz (resonance) 53 77 i i & £ & (non-
dissociative capture reaction) > \FEEAELEIT [N T HE o

ZEDL O, Bfil 1 e+ 0,> 0, > 0+0
IG5 e > 4% 28 BR (threshold potential) £ 4.53 eV » T E#—X 4R O+0 BIHEE R RS

#Z£17.28eV -

e+AB>2e +A"+B; [LNERESETREAERET - flEZE T ZikEs+ 5 H
C6H6 ﬁﬁ ?UET%&%gIE*T/DJU% /MC6H6+§JH+%Bﬁ

BIAICH, &8 [EAVEE T~ fragments BY#EH ( ) WA W {E AR B 7= 52
(0.04-1.8x10-6cm?) -
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= - — 10
" RETHRRMEZAEAS  gF T T T T
T ERRAVE IR - i i

4.0

20

o)

1.0
0.8

0.6
0.4

0.2

0.10
0.08
0.06

0.04

Total lonization Cross Section (ra

0.02

0.01 R ) T S O e R )
10 20 30 50 70 100 200 300 500 700 1000

Electron Energy (W)
Plot of cross section for ionization versus electron energy
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] uIEEETEAER TR A S N EA - AT E T AR R B B Y R T2
T BRET —EREEAE RS EA > Bl
e+AB>A+B
e+A,>2A+A +e
e+ A, > A iEETRISEAVEENT EE (radiative attachment) - HEATRAE 2% Ee ViR
HAE109cm? -

NTHW
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- NETEUEERES e EREHAP R E 1o+ HtER S FHElE
B RET N LA SERVEE TR ( ) e
40 HI 2 2300 x 1017 cm? > ~0.0eV ; 1, : 300 x 1017 cm? » ~0.3eV -

E ¥+ R a] 48 Fradiative or non-radiative e capture - {F40 |- ~ Brigg2 -

7 5 1F H (recombination) : #F e (BB MIFET) il &S B2 B S 1TER 0 1M
GEREATIR N o BT RIS L T P P B O B R W
(radiative recombination) :

e +Art > Ar + hy (FEHTREE 2 FEIY)

PN & BTy T RniE TR S - HrE R se & iRk AVt © TR SR
fiZ (dissociative recombination) :

AB*+e>AB" > A" +B

B e T E S IR IEFE RIS ~10Bemd/s > il
e+ Art 2> Ar+ hy

B REHVERZRAIRE AR » £910°-1010 cm¥/s » 41
e + Ay D2A
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-

Reactions Between Heavy Species

A 57 B W AR
— ion-molecule D 2/ DE BT R R E
— radical-molecule : &AM 2 AV IE -

TERASIEE 7 Ryl Torrliy - RHES T8 E Fy~3.5x10%em3 ; —(Ef G ETREEL eV
HYEESE > HpES5eVI 73 F o fBRIsE B LU 10eV 2 EBEkRE & » HIEE S THEE &
~ 101 cm3 « TS EEE Ty TR T34 % ~ 10°9-101em 3 » KL n; << n, << n, > En,
7% B AR E (radical density) o

lon-Molecule Reactions :

METESIEA - WESE T EERIE G EL 7 AR IR A &
A*+B 2> AB + hv

T e P AU Rl T RE E 2 ER M T RI/E H (neutralization) ;& HH R (& RRE R+ HYTZEK
AT+B 2> A +B + hv

X

N RA2 Soe T HIFERE BB H NIRRT HVEERE 2 - SCHER I 2 6r1VREE
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HET-EETES - 188 H =5 fE % (three-body reaction)Zt 4 -
M+A*"+B > AB+ M

—EuVEF (two-body reaction) @ At + B- > AB+hv (FAMEEE N 2IEH EEAYIE 5 AR =
fi 125 82 (three-body recombination) HI[&$ 4= 7F = 720.1 mTorrfyEE S T -

B {njEf% (charge transfer) © FERET B[R T-AURFRIAR] - Bty o] DAL - S TRER 40
R AR Z [ -

At+AT>A+AT (3.20) [Nl B B | & 2R e A R Ay oo 1~

i

WS B THER S AR A [EIEYRL 2 f - i -
B,+A*>B,*+A (3.21a)
A*+BC > A+BC* (3.21b)

d 3200z KIEEMMEIER - B HAARER T BRI P MRzt > SfEA
RIS FERYRHEAT Y large cross section o

O {HE AL EIEETE S E 0 - 20(3.21)Fr » FREEERT » siEm=E A
BEEVEIFE T > BmEmAg R/ > B ] DIsg A4 (E B TR/ n] S84 & sl 1
] o
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[ ey B A RS
A*+BC>A+B*+C (3.22)

BT B R TS S B R UK 2 4£1010-1071% emP /s

AB™+C
R ) TS | B L AT = AT+ BC < (323)
[ 2 FEA B 7 fyionization by interchange - AB+C*

BERERNEGE
N*+0,> NO*+ O (3.24)
N +0,* > NO*+0 (3.25)
HXEHRRES >10Ccm3 /s

Associative detachment : £ & g1-Edradical 7 fiif&E o > B FaERLMTFEE RE L FHHE
FpRl > IR EEY) -
A +BC > ABC +e (3.26)

170




-

B Radical-molecule reactions

E B 2 F 2% A K
AR EY) -
— Active radicals#13Emulti-atom radicaliit 2 B8 J5 T kR
—  The radicalsZS A EE (L EMIEE 78
— DI R—tbradical-molecule 57 FERY 31 F
w E RS WEA T RN A AR S R YRS T R TR T
A+B>A"+B  (3.27)
EHNIER/VER T EAREWVEE(KE) A EE4E - NI SEFHEA S5t E
W ZEEE(FH (ionization) : HAREEHVRITE N T EER
A+B->A*+B+e (3.28)

AR - Hoh 2 —E A4 1 EEEE A
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TR =R E (Penning effect)

RAs ERESCRAVA BUY R GERN P VEAFE BB FFrP L BE T > BlaINe 2 /i3
FEEE R f516.6V - {ERUIFEArf (Arfyionization potential £515.7V)HE/DEFE TN/ T HERE 2 NeEid
ArF hiifE R R gEE 2 Ar Z B o RIEL » S FRRR IR Fraiig iV aE & 7] DL SRR #EArHY
EaE AR HEHEN R EREE S AHe - BEAY TTRRRERE f519.8V » DIKHOHYEHEE
B 510.4V -

/8 B2 EE ffE /2Bl (Penning ionization / dissociation) : JZ&%E S FE 258 A= A T-hllE -h 5 K E]
SRET M IRRRRL VS o FY M IRREB "B FR MR T[] R BB R AE Bl A 4R AT
ERCTFREE T i

B"+A 2> A*"+B+e (3.292)

B*+A,>2A+B (3.29b)

/&5 % (Penning processes) © $fEEAEZ RIS AR - EERATAArRIHe > E(
st/ RREEN AR AV A an i - FHE - JREFEIVEE AR - IR ETH MR
TR B Ry bt -
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= TEgEAES(Penning) R IE o £ BREATH N,
TR ROV S S BT L T
AR

L& ]
L

HYEE BB - /MERR B
1E O- ZOVZF'EE[ » fI14111.5V
16.6V for Ne™

e
for Ar

(= ]
w

=
T

m RS KeV N HAMBRE 2 B
IFHERE 2 B ZRETZ > TELEIRMA Bl
A E T ES T A s A R Mg Rk T
BHIEREF - /M IEREN F-BE BERERE R
B EL T AE Y 2 B R R = -

T
T

lonlzation

Cross Saction (Arbitramy wnits)

[ =]
T

H
TH

R AR BRSO - ek

S 43 TS RS A R A 1 R - | vy

FEIRHE - 57 9 fl #3851 f 2
Electron Energy (aV)
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WL T R RE IR B e AE R o BIAIH,0 ~ NH; ~ SF% » /i iRREIE IR AE
&= (1 HA 5 HIjzE 4= Bk
B"+M>B*+M+e¢

W ESF, - &I 2 e REFTASFs | » BT REEE+ -
B* + SFy > B* + SF;

HNEEERE (1.7 £0.11)x1012 cm?

Attachment of atoms : EdgijmA =58 Hion—moleculeZ!AYassociative detachment reactions
(A" + BC > ABC + e)fH{LL » (EMED K B AERYAL £
A+BC+M-> ABC+M

Disproportionation : fH{ll/*heavy reactantskz & 7 ion—molecule ~ transfer - {Hig# KA H
(G 1A
A+BC->AB+C
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-

Recombination of radicals :

— fBEEMEA radicals - 7L 2 RIS RE Sy B E M E S mMPRE BN 7+ -

- [ EKgeE B EFRIRFEM(EER FEEEES -

- HFETFEEELBmultibody collision A SE{E S » B =R AR BT SR T
o BB AT P 2 [T -

—  ZJH+HHZE Zdegree of freedom BEA /D » B REFNEEF ik i E &7 e
JEH A EI=E KEEERYTIAL -

- HWIEZREFEAESHRHERCREAT T 1 T -

Radicalsff 5 4% FH Y 7 JE4E & -
' Disproportionation = 2C,H; - C,H, + C,H;
d Combination = 2C,H; 2 C,Hy,

Chemiluminescence
fFEEAEY > —H S — TS — R AU RHE A e T & L R e g 4 > 2
tRE A FE RS e A
e.g.
A"+ BC > A+ BC" > 1% chemical reaction\ -
B"+CA > BC "™+ A >3 chemical reaction—~ BC* 2 BC+ v = Chemiluminescence
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Comments on Homogeneous Reactions

At pressure ~ 1 Torr » S EHFH 7 H A BRI EE B E 25 H10° » [Htkradical—molecule
K2 e e Erion—molecule 7 JEETR -

EE M EEA - R E E RS (monomen) FURNIIIE A H FHARE Z KB > BHEINERE &
(polymerization)ZE=2:317 J5k/polymer §0 & b 2 EE -

{ESICl, + H, 2 & AE R > SiCl, 2 7RIS 2 JiiE (%4 Fradical—molecule 2 fZ fEA SE4EHY -

FESICl, + ArZ B4R - SFE(REEHion—moleculei@fE A 44 » (HHAR S AR IEIISICl,+H,
EATER BN o ZRI B A fion—moleculeZ JEf5E - radical—molecule fZ fE(SiCl, + H, + Ar)
NGRELHG [ 2R Ko Si 2 )RR ERAR » BRI s IF R AR © ArdEHHAr FI M R RRAr Bl
T Z EF 58 T H radicalsife

R TE SRS EARBAINE A SR RSB > EE N BN ERR(KEEE - WIRA K 2 &
MLTH e SIRIRE B IR E » 15 S MERIZRAR R GE L S i 2 Bl

kATt AR RISE I > HAEEEFIg. 3- 27 A AE -
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2T A [ S MR S S B R 8 - Bl
(R R SRSy T L A A R
o MEEMPAKE— T f5RERAIEI
T (R )

TeREFR TP P AT LUE £158 2 S &
{H~10%0-10" cm? - & E R [EIRIK FEHY
fel T A mT DU S W {1 SR R -
WEI¢&WTU%@§%%¢NW%
TR A S A LR A A

—F 2 Druyvesterngg & 771ffi - (T,=5V ;
5.8x104°k)

HLE AL - AR KRS
THIRE E AN R B B B &
FRIRE /Ny EEREEE - N2 8 (2F
&%@%?%M“%%ﬁ%%%ﬁ%é
BT A BEEECRRGHY Bk -

Cross Section {cm?)

L

1"

-”]ﬂl

Momentum
transfer

Arl ] 1':}1

Fiwe)

- 10°

1
|
|
1
I
i
i
|
I
I
i
|
|
|
|
|
|

L1 L] Ll Ll Ll Ll

10

10f 10° 0’
Elgctron Energy {8Y)
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Table 3-4

TABLE 34 Cross Sections and R

Rate C in an Oxygen Plasma

(from [ 5], reprinted by permission of John Wiley & Sons, Inc.)

Reaction

k

o (em?)

Ionization
l.Let+0,—0] +2e
2.e+0 -0" +2e

Dissocistive foatiat
3.6e+0,-0" +0 + 32
Dissociati "
4.e+0,-0"+0
5e+0 -0" +0+§
Dissoctation
6.e+0,+20+e
Metastable formation
7.¢e+0,-0,('A) +e
Charge transfer
8.0*+0,-+0 +0
9.0 +0 —-0“+0
10. 0’+O —00‘+0
n.o;+zo,-.o;+o,

120" +0,-0; +0

13.0° +0,-0; +0
140" +20,-0; +0,
15.0; +0-0" +0,
16.0; +0,0; +0
17.0; +0, -0, +0,
18.0; +20,-0; +0,
19.0; +0,-0; +0,
2.0 +0 —0. +0,
21,0 +0,-0- +20,

Detachment
2.0°+0 -0, +e
23.0°+0,-0+0, +e
24.07 +0,('A))~0, +e
25.0; +0 =0, +e
26.0; +0,-20, +e
27.0; +0,('A)) 20, +e

SO v .
o 0
o; 20
RetVor L YONO,
o; 20,

2 x 107" cm’/sec

2.8 x 107% cm®/sec
2.5 x 107" em’/sec

at Efp = 20 V/em torr
3.4 x 107" cm’/sec

at Efp = 45 V/em torr
5.3 x 107" cm/sec

1.0 £ 0.2 x 10°% cm®/sec

5% 107" cm’/sec

4.0 x 107" cm’/sec
3 x 107 cm®/sec

4 x 107" cm*/sec
6 % 10" cm®/sec

3.0 x 107" cm*/sec

~ 3% 107" cm’/sec
5.0 x 107" cm’/sec

~ 2x 107" cm?/sec

<1077 cm’/sec

2.72 x
1.54 x

1.0 x

1.41 x
485 x

225 x

3.0 x

8 x

3%

lo~l§
lo»l!

lo—l‘

107"
107"

lo—ll

107>

IO-IO
lo—l‘

<107 "

4 x

7%

q:%

‘O—IT

lo—u

107
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TABLE 3-4 cont. Cross Sections and Reaction Rate Constants in an Oxygen Plasma
(from [ 5], reprinted by permission of John Wiley & Sons, Inc.)

Reaction k o_ (cm?)

max

Jon-ion recombination

O 0"
29. 82_ - 82* - {8 } ~ 1077 cm’/sec
3 3 2
O, 0/
Atom recombination
30.20+0,-2 0, 2.3 x 10 * cm®/sec
3.30-0 +0, 1.5 x 10 * cm®/sec
32.0+20,-0, +0, 1.9 x 10 % exp (2100/RT)cm®/sec
33.0+0,-+20, 2.0 x 10 " exp (—4790/RT)cm’/sec
wall
3.0 - O, y=16x10"*1t0 1.4 x 10°*

(T = 20 — 600 °C)
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fEREAET > IERET GBI  ERBRE T 28T R T2 THIR A K e
affinity i - ST DARTTE 2RI S eS8 42

e+AB>A+B (3.7)
e+A, DA +A +e (3.8a)
e+A,2>A, (2.13 b)

e” attachment to neutral atoms * ¢l & Z3k A ALY Mg B - ISk BIRHE mfy 75 - Bl
NE - MRAEHAZZ LeYrT - ETAERERERT ~ o T EHET -

SEETHIIPER © B IRAREERTE % T (nondissociative capture of &) - 41 e+ A, > Ay
A RS - B RAVEE TR E T RE BV TREE T i B IR Y
F FH 2 (degree of freedom) o [AJIFL {152 ] K2 P RS AU BE T BIAR SB A PRI -

SRRV GRS T ESRVERE T AU T S ESEHET - REAHET ZHRNE T
ambipolargs T A=A {RE > AR EET RAEEET 2R  SRAvaEREC D B E
BV MR ERN AR E - BN TEEENER > A SEIUTIREER -
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Heterogeneous Reactions

FEFR N R 2 A B A A M RRE R » A JEIE R EL R ¢
Adsorption : BEAE 7 431 ~ EfE(monomers) s E AR (radicals) £ [El E W -
M, +S > M,
R+ S >R,

RZEBEME G B HIEA > NIRRT E T AR EH R 2 AHS U & -

Easba?Ion « 28 B E B EAMRE R i &l _EAYspecieséd G R b&
Yot

S—A+A>S+A,

S—R+R->S+M

A adsorbed on S =

FEGHERET - SENETHREERE UG AR EEm L - B EfES
RIS R TE N FRIA 2 (L4 (catalytic properties) < FIZIFIEF(F + F > F)EE#HFE H 2
EETHRIR/NTX10°) > el EAESeRE S H = &5k - BRE(LEErIRERE
VB SRAGHYIAN S R FERE -

%‘:
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IIBRERTRRAEVE F (metastable deexcitation) - &R 2 M™ (35 B[]l 2 B RE L L BE
B[R

S+ M" 2> S+ M = metastable deexcitationfz JfE -

HEPEAE F (sputtering) @ 285 /N EEAE R 2 [EH K BT EE AT BN E AL > ZER EESERE EY
TEBEF- DR E - FI—(EEETAYE e S5 = 22 E m o I E B —E R
-

S—B+A*>S"+B+ A = sputtering
sputtered neutrals L 24 ([ 88 - (R4SFAYENBE E A BB -
467 4795% 1 sputtered atomsF A E T 2 T 24(EA (1A = 10710 m)FEgEEDLN > i E 420 -

o £ i (polymerization) : EEAfEch 7 FERREUR I A A b SEARAE RO IEAE £ & ) TR 4
Y71(polymers)

Rg + R, 2 P,

M, + R, P,

s S HARL > O S 8 2 LR BT - R
R +R, P,
M, +R, >R,
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General remarks on heterogeneous reactions

o EE
S-A+A >S+A, >
S-R+R;>S+M
24 (polymerization) K2 JEF 41
Ry + Ry > P,
My + Ry > Py~ B E T A8

&/ RIS SER ZI R i (R A eIRE iR b) -

W {F/rf&FEdeexcitation#y S + M* > S + M EifE{E&H#EAYS-R + R, > S + MFEHR _FHYE T
[ e & 56 =R I/ER -

& {8 oy e R ] A A A TR ER IR T o BERLERS o BETAYEL Y
BIREIEAEY RN RE > B Bl E ILITE LB E RS LR » RGN I 7T BET
H o e (i AP e SR [T TS ) -

WA o TN, AYSRAEFT RS 2 AE & Ry 9eV - M 75 o 5 Fh N, Bl [ i Rl = B U2 R Qe -
100eVIRFAYI=R A 22100 % - &R Ry L f -
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c 10| S e e
= |
© B . .

S o8- LY === Nickel foil —
% - Tungsten foil —
+ZN o6r-/Jy/ —-———- Tungsten filament I
© K —~— Molybdenum foil 7
_-é‘ 0'4 _J, r 7
E—3 1fr

o = —
8 o2 '//—// _
2 / N7 Sticking probability |

0 | 1 | | 1 |
0\ 50 100 150 200 250 300

9eV N Energy (eV)

W EEHE N DA [ERE B RS B M R AR I i B o

W EEEE SR H N DCERFESIHEAM 2 (RERECEH TR - H ALt Hmolecular ionssy
gt AR Y IR B30 A e 1A [ T S B L 2R - EA Ay RIS AL ] e o 78 26 K B H 2R AN
R 507A nl gE B B A — SR A F T nl g 2 A b pl i o HEERGE SRR ¢
N JF -5 20%HIFER A 1 N 20 Tt FFF 5 A T - T2 R LR 4 55 20-30A > Efbfg - &
L EY80%HYNE & K [B @AM+ o [EfER > A1LL0, " BeCH, " @B [E 1 > RlgE2—EhY
f /et -

N EEE TR AR N TRy o (N R e B E SR Y R - HE R
B G > Nt r2f A EE | - HUAEHERE © & LT #%negatively
biased surfacel¥ it 5 i) 2 ik negative secondary ions - 35 Sb & 8 1-4% fysheath potential #%
DIZENG 7 A BEAE RS« QISR RASEE MK - BEARIEEET - BB T e S TR AT 5] 55—
i > PERF ST BEA S0V ENEE 0 bt—XUE R A halides Z sputter deposition o
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Chemical Reaction Chain
H] 77 R 2& A B
14846 (initiation) » 2.3E5E (propagation) » 3.4%ET (termination) » 4. FF#E46 (reinitiation)

O s - B REER TR R T By 2 IRVRIER AR - B BRI RGeS A
THY TR > A RE A ERE T

O #E5E  RAEE SR TR - Rt e IR eh 22 F 384 o SEAEARRY S ME

f1FE T radicals ~ ions ~ moleculesfFion-moleculefiradical-moleculef{y 57 JE&E -

O & - O EERERE - BAEREEY) -

O FEiltss - BB o TR EY L o e bpl B A AR SR - BHRE H
BB 5EA e BT 2 IR TSR O E T A s B S -
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-

TEFAT LG IR FPECVDAEAr+Hy+ SICLEERE IR /0 LAY By — 220

Initartion

Propagation

rmination

Ie

Ar + H, + SiCl,

plasma

e impact dissoc. SiCl,
Dissoc. & ioniz. HC1 recombination
Ion-molecule reaction duction
H radical production procuc
Radical-molecule reaction \
Intermediate acltive species: 1
SiCl, fragments radicals
SiCl,, SiCl,, SiCl, Si
S1C1 polymers T
Slx{f.‘ljr wix<d
| Plasma etching
\ Argon spultering
Chemisorption of Ion, Desorption
free radical & atoms e,
proton
l bombardment
Gas-surface reaction \

Solid Si film

A Ar + H, + SiCL FRHRAR T URRI Rt B Y 2 K2 e i
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FEPECVDY iR I - 5 1R I8 A A T S SR A& B B S B E B by R AR YIS
SOHE o ARAILAPGIE - 35 EE'E K e & s BRI IR R R Hoat '8 - 15 SE MR ]
HELTH > NIEME T T3 ESSRINER -

T EFA B FIRIRRA A

| Precursors |%|

Electrode *

Drift
Recombination *

Ton-molecule

Ionization > & {E%eactions
% % Optical
< © I * NN’JJVE emission

Dissociation R "= Radical-molecule

% reactions
Diffusion

Surface reaction

El ectro de B ]

| Gaseous wl
products

ERARIERG T HY S
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FERLERARRAT TR AR T AL T K ) » 1B S SRR il MRS
1Y > BIAIEN (x> 2) R 2 s 2 BT Si,Cl (x=2) Z & SiCl, 2 &AE - & L AEAE
REHRTEERT] - FiikeE o Tt A LR ESERE S ERES -

Equili. kineticsm] Fsf MA-fill i mIESAERE - fiplasma chemistry kineticsHI|ZE 2% E E]JE
sEMERLTE o FHY R B S A AR ATl - BAGIRRERITLE NIy —Se 28
eI ~ BRTT - REEME D —ENIESE - TREI B R R BEEE AP
B -
Plasma Surface Interactions
FeRTIRMIEBEINA - FENREEFETHVITE N E - FIEEER R E ISR LaYIE
YE R E -
B SA ST EREES - FMFE 2SR Rt T E SRR Z BAEH - &
LR YV E R R B VA SR A HE R 2 B A E A S A AR T4
NEFR

"/ Radicals e
atoms metastables /1

Plasma

sheath
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B P S ATTREENE AL T WATTEEN N FEIAT » SR HEEETFTT
HYRE E4Y7E100-1000eV 7 [ - i3 fbifir % [E mHY S R sE E MR E RS © B FIsEEH
RGG RS VR Bl —TH R IE R AR (101-10-12) iy i A% IR T VRS B - 25 Rk T
collision cascade » BriEfEZE M fi%s » A aniRaHcascadesE e (LR E » GHIE L
JERHOLEITHY » GREETHAE T EIEE 218 -

HeF— H Bl [E E sl e B TR £ 0 E A B TRIEMTE (thermal  spikes)is £t 5
A REE N IS HIE (spikes) B BEMY 52 £ 5 B EE AF Fafil iy [E] [ _E AV FESE R > BGEFEFiEN
SEEYVE IR A - BlanIES 461 (amorphous hydrogenated  Si) =k kE % i (diamond-
like carbon) - FREEHVAESIE(E IR MTHVL TSR - B A JRaS vl geEh 2 S il s BRHE

% -
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M
TEEAT AT LB REA B2 TS BT sk YA [ B Frs ERYENREAT flux densityry i

__10%
©
8 1020 - 24,
o~ Crno
£ lon beam
S 1018+ modification
= [ 777 X7 (implantation,
16| /Fllm Dep?/slgcjny : e surface
) / TP Stchinag treatment)
a v ching
> A N \\
= 1014 == AR \\\\
== 2. XXX N
W T s e e o \ § \
§ 107 pasma g et AL
> chemistry
3 1010 |- Accelerator
g 10

l L x | L | L L 1

102 10° 107 10* 108 108
Kinetic Energy (eV)
| Sputtering
Thermal activation of Electronic excitation
adatom migration I J
[ i .
Displacement of lattice atoms
| J
Desorption Increased
L

sticking Implantation
l |1 |

Plasma surface interactions vs. particle flux and K.E.
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W Plasma /Surface phenomena : 2 types of interactions :
O #EekmEtHER : D2 ETRRERT -

O JRESEITRE - EEREMN FEF RN > NiA KEE T 2 88 5 cascade
Flsputtering °

W OBRREGEE T RERY R TR SR B R A M AT A T T R AR A MRV RE E
EI 48 FH R R R -
Z‘“EBEWJ\W B —HE ?E’J%ﬁﬁlﬁb :
HIRER © e ERE TG EHEIEET -

EXEEEE T (Auger €) o000 0O®
H—2S
w IENEBET o BRTIMEOCETIN  HINHAE kwaa  phoo A R
%&%E’Jrelaxatlon  BERHEEE T - e
B B T B BT 10 s 34k - e
//,.Augere
BUEEEE T A4 T A EEREA 00 00 .
m —(ESNEE TEANEZE I - HEFNEE / ‘
EEI% (E &S M ISR R T o IhaE =kes .
TP T o HIL - TR |
RS BT 0 — (D EF R —(EHEEEE T -

191




N

B 2 F I AH

National Chung Hsing University

n in Electrons per lon

0.32

0.28

0.24

0.20
0.16
0.12
Ar* ]
P e a b )._—o———j
0.08
Kr*
mﬁ-o-——"f—-_o-_—‘
0.04
Xe*
OO0y - ———
a | L
0 200 400 600 800

FHWIEREHHY K E T vs. #E T ZBIRE(K.E.)

Tungsten

lon Kinetic Energy (eV)

1000

— i 1006V iy He* 1 B % 11 5A Y i [E A
spend 10-13~1014s » [fijthermal particleHl|
{=84101%s > &K femissionty & RE(E A
AR R R ~108s » R H
HIREIRE =0V AT e/ > 2RI SR Bl
B AF B 2 [E| T > neutralization 7Y O] BE
MR IEFE IS > N EUEE Iresonance
HESR > BIE O REMRETL > R &
i EEBEEM N e A TR P

o

EBXEEEE THYREIL Y DR B RE Y EAT
1244 R Ay relaxation B2 — X EEF-
Y EE 4 > neutralization & F2 1Y 45 B E 4
e A —Efyield o Yield{E Y E
Foe - FFERE TR e VEH -
IhyieldEd A B i+t S 4HERE - (HElEE T

[fyionization potential 5 :

e’/ion (n)
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a0 - WERHEY 2 E R4 2% (yield) ~ 0.24 for He* »
~0.10 for Ar*

W (BN ST HVENRE(E 2 BB 4H~1000eV - BEEr St A AR Kinetic ejection T LB X
BHYyieldRIFERETAVEIREMAE I T - 20 FEFTR

IIII]IIII'IIII]IIII'III

o) : MO -
@ 015 -
>_ i ol
: o

o i i
H 0.1} —
ui : -
c i -
(] N -
T 0.05[ -
o) - n
O

O - —
@ U- 1 illlllllllllll-

0 500 1000 1500 2000 2500
Energy (eV)

Mo [EArt ;2 Ar neutral Z K. E 1> — e~ yield
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BT U RR ML (£ B SR A el 2 (R A A BRIV IERIR S > NIE (£S5 E
P AT IS RN - KRR Z MR T B A E Z B RE (B T Z R E)
RE)ERE ERIAIS A 2R - NI BB SRR I a1 = AE B HY T L+ Bk B
RESTTHIAIR -

BT E Ry - HEEEIRANY A ZUA ¢

1. BTHEK - HERANNETER - NSO MEEE -

2. JRTIIER © ASPRL TR TER -

AEREFREERABEREET B/ (HEBEFEEE IR > RN g A —#H
EIEFR2E) > [EFS . “collision cascade” » ik sputtering » diffusion > A S EEF
~ backscattering > BT 5¢ Z (LE R E, SEASHESE -

RS B (B P AL 1) B [ T Ay B R g AR Bl AR dRE > phononfERT L
TS Ra(b 7 R adatomrymobility - A FIRPECVDIE Z A -

R IZIRRATSNE Z — B LR AR TR SR Ae 76 AR AR 1 - S RERAr fg A
B TP HYIRE 71520.1-50 at% - {EAM 2 fmEETTE -

194




-

N

B 2 I AL

National Chung Hsing University

= oy AR ERVACENIFAERGERE T HHE A > (REE > 100eVEFR BIHIE - fEILFE
BAHF( >100eV) - B # G o IR REAT > BsS S ERR R #RE A -

Argon Atoms/Nickel Atom « 10°%(a)

10

o-10%

V,=3000V

T = 20°C
P=7-102torr
.001" Tungsten
substrate

L A L

100

L ) |
200 300 400 500 600
Bias Voltage (V)

700
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Sputtering : EFEAE AT P —EEHE > LEEWAEEM T EEEHIME tH2k
YA -

Sputtering yield : # sputtered atoms / incident ion > SFEGFE A AN EET-EIRE & DL AST
it Edsputtered JFT'EE ZELE -

Sputtering is characterized by a threshold energy : iE2IEEE &= BUR TR SRV EE-T-FI g7 H
REVFEHEEFHIGEEELE - HAEEHiE ¢ 10-50eV o Fefqi¢ HES]  DIAE
Ae EAVArfE B E @R - fEthreshold energy” [ - sputtering yieldfE#EE TR &

wEnmmiEhn - Cu ~ Ag ~ Au ~ PdEIR =R yield 5 Si~ W ~ Ti ~ Nb ~ TafyyieldRIJEAK, -

XL BRI - BT R RBEAYEME R e LIS —sputtering > 5 2644
sputter tH 2V E AE I IR BT AR -

Sputteringth —FRRER B EATEAZIBIAL - PIANZSEEesputter HZCHY ) E L& (FRAE
etched surface I- - S2/554# o ARG [HEetching » BEEREHME(L - WA RETE
X BRI
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TABLE 3-5 Threshold Values and Sputtering Yield for Argon Bombardment
(from [33], reprinted with permission)

Ar* + energy (eV)

Threshold

V) 60 100 200 300 600
15 0.22 0.63 1.58 2.20 3.40
Al 13 0.1 0.35 0.65 1.24
@ 20 0.32 1.07 1.65 2.43
3¢ 15 0.074 0.18 0.29 0.80
22 0.30 0.67 0.87 1.30
éu; 17 0.10 0.48 1.10 1.59 2.30
3 20 0.064 0.20 0.53 0.76 1.26

Ge 25 0.22 0.50 0.74
Mo 24 0.027 0.13 0.40 0.58 0.93
Nb 25 0.017 0.068 0.25 0.40 0.65
Ni 21 0.067 0.28 0.66 0.95 1.52
(Pa) 20 0.42 1.00 1.41 2.39
Pt 25 0.032 0.20 0.63 0.95 1.56
Re 35 0.10 0.37 0.56 0.91
Si 0.07 0.18 0.31 0.53
Ta 26 0.01 0.10 0.28 0.41 0.62
Ti 20 0.081 0.22 0.33 0.58
v 23 0.03 0.11 0.31 0.41 0.70
W 33 0.008 0.068 0.29 0.40 0.62
Zr 22 0.027 0.12 0.28 0.41 0.75
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RETNIE TS R MR E

T IRPIAE ORI E RIS - U S R TR E T A B LI LR
FE o L e -

= EHTHEAYUVAIsoft x-raysE S EE i RV RE - FTEEERGE -

uCEARE TR AT SRR RN BRI AR -

W [R 7 phys. sputteringdf - BETom A LAY LSRR S 8 i $0 il g 2R e BE 2 A — T e~ B[] el
PP ARIEER -

W SR SRS A IR A (e SR AT R R TR > SR AV TR A

g -

W TR RIS AR E LSRR E A R A Y L RS

{4 XeF,-Ar-Si systemtt » SR8 XeF /£ 20 I ESIAHE R EHIIEH - EAIREIGE
HEET0#RY > FELSIR ER] 4 pis 28 M0 SiF, DU AESI BB THYERZ] » et RE &
KiEsgn - 8RN EBERANEZ— -

= EEANESIHYERZEE A Ar IR (BCE DICL) LR A CHY BRI Art IR, -
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S
0
0
0

T AR (AR ZIE R © TR %

TRETZRE
RSB B[] i IRV B2 35 B B -1y &1k (activation )

T AL 5 THOSAR ¢ T M L WU 572

B R SEAEFE T - HApthAyHErdesorbiE A G AE T - i5f8 7 & e stimulated desorption
(ESD) :

FIURA R IS R AR IR -

A EETHIB R 2R E THVEIE - BT aR B R LR S YRR R A R
THEAEE AR (LR MRS B E A ERRRE ez E B -

1.

2
3.
4

[ TEVRIZE A -

. PEHCERRRA

SRAYVETE I@Lﬁ% vay =Nl R

. RIAIE

5 b4~ 47 g (dissociative chemisorption)
WK By radicals 2 ] 1 S SE A B b 50
FEE YRR e R A AR B
a. FEBVINIRHE AR -
b. FEREVER BRI EIFER -
TSI R BB [ % -
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SRRV LA R e R B SEREERZIEAE H IR N - MR AL Y
FHEEV IR BRIV E T REfER I LIPK - B
RIS RS VIR ERES PG I R E e P B R 5 A S IR E Y -

_ 32 5fyheterogeneous B A7 Hll A EARE » (HiS db 2 BB I IREF ERR L - &
TEEE TR B A 2 E R H &0 8 - fldldissociative chemisorptionih & {8 72
R TR e ArE B4 RN > BEFoVRBEM I e - BET30E
THI SR B RGBT o TR0 » SHIE R H R TRy 3 -

AR EYHHHEENE - k& desorb - (EE w2 FI6RA] - AR FED)A BIEHME - 5t
A—ERIEYIEAERA L - E2A A RE RS MR R £ Zmonolayer

5[ (- dissociative chemisorption o

s N AR B ZISIHY AR FRE B FO, » C » CLZLFREAVEMI e T 2K » #8410t
BB > DLUEE + % B8 /Y sputtering ¢ 72 DA ESD 2K 7% 78 % il #f #& (i dissociative
chemisorption2&4: » K58 LERZIBFE o
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Reactive lon Etching (RIE) : Si by CF,
BT #inert CF il B SRR R ) -
e+CF,— CF;*+F+2e  (3.45)

R FT Y R T RESIMR RS - RR(EZRRAR -

CR;"#I R ERHREE IR | ERZIZR -

SETHHCR IS ERAYIIZRERZ] - A5 YRR S el T
Tt 2R T2 Blah ] -
FIHY GRS ARG IR SIF AR -
JIZRSIF YT o

OATIT T — 1 BRI 8 I TSR R s PO TS T P8 T 5B TSR I
BT L T B RIARR ISR Ak -

Coburnz# AU (adsorption) AVAFFFE 73 5 T ZLH2E(EPD B+ 1551 A VIR ORI 3%
P EEPIR T (desorption) - AL & 5 s 2K dose sy B R AT » AT Rk s I SRV oA
HAMrmECa 2y &R -
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FHE T 2 A 5400 (synchrotron photoemission) : &L EH =AY 5 2 SiF, » LA/ DE
1JSiF, > SiF 7T 248Hion assisted etching{% i =2 ARL T

R LM &S s e BT de B2 (e 2 T 1€ SiF; @ 2 RLSIF, » SIF AT BE T # B2 R CAESIFRH
TR LL I > e —4EamE— I e ERE s 77 R EEEE T~ A FRE - FAVER
Z R HW H F-REF fluxZ e —({Eorder o 531 REF,BASI K7 L H T REFELSI S JES T 5F
55770

T i B E A LA 2 fF Hl E R neutralsEidion flux 2 EE{E 1T %2 - etching anisotropyfi&
neutral flux 2~ B/l -

LLAr+XeF,gh ZISi Ryl HHEAr 2 L 25(E ST > N ESI-F R8T EZEZEYIZE
SiF, > 55 T A 100F R T & REFE R - AiieEXeF UL EEE & 4 HLE EH
ESET VAL IRRE T - N Ry SEilE A e DR I a2 2R LR R A SIF, ©
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Energy transfer

W EEESERE 2 fE =4S fHoptical radiation DK FR MR T T 2 B = 0 SRS
1 TIR > visible » UV > Skt & gsoft X-ray » — EALERGER R g Rl 7 - R%
HE—EREY) > WHCRINMRIRERE TR G > 2 AR H AR B 2 [ i 2 B Rl oy
VIE(EA -

W PR T-HIRE 22 HKinetic > vib. o B ERFREY S BT MBPIHEEEATHEHY o Kin Hvib.gE

BREFUNEES - MR A& hhifERRER - EleBREminEes o Ha e
FHARAY AR -

® lon fluxgs £ HIjFkinetic-vib.-electronicZf S 4HAEY » BT B ERIFEE » BEEA BEE
NI BT E(mER S MIRER -
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W (ERFEEZEC > — (kT2 2w 2 BhAE HUA R - A R A i a8 2 BE R s A g T

ZHAE o SIEFEEERIE A ion mobility > sheath field » DU 451 B AT > EBHLTFER -
B+ A2 - EEHR P T & 2 B RN B e E R > AlEE B EMmEY 58 &M & INRF
amplitude& {i7 2 DChY & -

FHOF R R - BT PR EE B E S ESeV - TREENGRHEH I TRFE -
w122 R B R R I AT A RV AE & A2 B IR e T Ae E AV AT 2 A4 B =R
sputtering®I{E A > &EEREETHY TPRI(E AIRIBTRE LAV IFRERE & > A IIENE BRI B =
T EGYI EPRE B
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i Effects on Film Growth
U B ) S R fgthermal systemIE RGESER > fFplasma-surfacetl B /EFH 1 » BRrag b a4
ERERERES - W BB AR R R mAE Y -

#H PR lRBERERE_ERVEE TR BRI BRI - ERERE T

1. ERe(EFESI# (L(densification) i #EfE ~ His (b AE

2. RV BORPREEL/E (metallization layer) Z R (columnar)filgidhie -

3. BB FETIIRAS » B AERR LR > RS =1 -
PECVD# AT #E St AE I -

1. sR{bLHERL -

2. HFEIEA] -

3. ERITEY) - e.9. a-SitH - a-C:HOHERA) -
v bR R - IR AR A Z step coverage ©
(R 2 5 A bRV EATRE ¢ e.g. Si~300°C (m.p. 1410°C) » BL&ZnOfE~200"C (m.p. 1975°C)
fE{KepitaxialifFURSE © FEAEEAVHEET #2520k -
a]Agrounded electrodef& 5 polymer-like films (at low negative self bias)iffhard diamond-like
carbon film=] - powered & ik &1 » H & fmBATIX
8 B LR B ] DLs A EOR R &S -
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[T Plasma induced damage

FHEE A a5 2y damage i Al B FERIET 284 - EEMII EEERRE - W23 5 ik
THVEREE > SRR R R T SRS KGRI R -

Sigh A £ & H,HCR, B TR ETTRIE > ik A ALY B M 1Y A T 22 R B Si > [EEIE
damagefEs% & FH Sk T we B2 Sifn 7 B A ag iy -

FFEI N BAEEMER - MR I H S EEATE > B Hdamage & Z 1, & SiJHE
TS 22 P4 24 (E AR FEREG 2 R interstitial dislo. loop -

TRIEAE 2 A BB AR TR iR i AEL M fEoxide-Sif;  so
H 2 N

SR E A REEERMOS capacitorsdy
HYRCHE 5 BLR/ D R AR m] R DA & E A

C. F. “Polymeric” film

//

Si- and O-rich interfacial layer

N
o

€ 0 E ALK AL ALLLH
HH R FRAHERT o §
Si/CF, + 40%H, plasma : RIE{E 25 mTorr at @ § so|___
substrate bias — 425V etching¥fSi waferg4:flysgs @
A -
w=

- &HC FHYHRE(<50A) IR E 2 I 300 |---1"

~ —EE R EEAYIESESI (30-50A ) B 5
collision cascade -

Perfect Si crystal

v
- H J/? % ("‘5%) TE_ /\/% gﬁj }\%ZOOA » Raman ﬁl[/j Diagram of changes of Si near-surface region caused by CF, + H, reactive
%ﬂg%ﬁﬁﬁﬁ@b I/E[\ESI E%IEI )F% o ion etching (from [48 ], reprinted with permission).
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FF Bt T R B SIS M

— minority carrier life-timef\degradation -

—  barrier heightfyirs o

— deterioration of the oxide quality ; gzZ&hZImH FAYSIOPEAVEEL & -

g/i;(fé\ FSERE thfetching th A AH[EIAVER SR © FHYZERE AT 20004 - 7E500A Hy5EfE Al i A (H
4 % o

FERE AR AEfE T - ARV RS R A BREOS A T - @0 T/ INAILRe Al 2
AFEA T o BT IR A IS AR -

FR AT AL SR B B ER IR I L AR R — IR R S IS RS Y5 %

PREEEdEE T 240 > BATHEE S T REFERIUV » HAE SiE n] 245 2% (e V/photon -
HIF2 71 E8E SiO,fyband gap/[Njt9eV » UVERSRE & AL BRI R K I AT RS -

B ATIFERUR © FHPECVDRFEATEISHIA G mEsputtering A S EIR{E Ry /N - 12 (6 H]
REsE H - PECVDREET-RE BRI 2 - PECVDHYBEA TS LUK power density#{E ; PECVD
A i AT AR K 200°C - S RS AR S REAE AR AR AR A L LR R FA R 2K

AT 2R AR MBI AL (R & 0 s » (N R(EPECVDH > Fobf Fe 88 S A4 A AR IR
ptG > RHEIFRE AL ¢ BRZIEAM S e e e R EE AT -
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: 22. Plasma reactor

Paschen’s law

W EIRINE L ARV E R R AG ER ) (p) M B A fHI A pERE(d) - 7REl
__ G(pd)
C, + Ln(pd)

DR EEEEE 0 pt RARERTT
Cy, Cp * MESRASAER T 5 2 W 8L

B Bt o EpdfEE A  V, o pd 3 pO{EAIEINE G RV, -
(Vi) N HRE R4 - iBRHIE 2 yPaschen’s law » BB FEML T B R IESZE
WoRET -

W SR EMREEEES NSRS > B iR 2 T IREE 1 2 B R A SRR Ry
) T » PRI JE LR A S S B OB T- A A KT -

R EBRTIROK » AR EEUE S9NV RE B AR E AT 5 WS EMREEEE K
[ INER 3 2 R Bl T S B b i e — R T -
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m  Paschenfh &R RISRASTEIH T 22 - (H2/ D N B IFEET -
W ZBEURAE ZVin/ A 10082500V 2 [ - pd @ 10-10 Torr-cm o

R 2 HEE RERRRY, - & HPenning reaction B E A B A KA EEEE 7 (ionization
potential) -

{B*+A — AT+B+e
B"+A, - 2A+B

107 1 10 102 mm Hg cm
pd

et A [F]sE #S 2 Paschen (43
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-
DC Reactors (B FERE )

BRI WA TR 2 ] ‘@F’aﬁﬁﬁ%ﬁﬂ%ﬁ%@ﬁéﬁﬁ%l’awhen’s law o

HFRHFEREFNERAER - €ER 0 EERECEDR 2 EIR

Eﬁﬁﬁtﬁ%ﬁz CR YAt 5fﬁ£ G AT )%'ﬁBZJL$EEAa?TTjZniEH b HRKEE
15 7SS L JEILIER T 0 B e a4k /> dielectric breakdown iRk ZE T (arcing

%EE%ZK B °

B L IE 25 0 A e S <7 15 Lhspikes|iT A FR {1 -

RF Reactors (357 &2 FERZ )

I HIRF plasma Z &% BIPRAR IE & (i R ESER - /e FHRVARE S 13.56MHz » FiitA
27.12MHz#{140.68MHz -

RF generator 2 i tH PH T # 55 HE50Q » ZAMMOEINER Z HIT R S b EET S - FE
R - NILFE—4HUCECE RS A RFE R S es BRG] - RRIEG A REN > Z
RE B £ IR A EER A MR AU -

VCfc B F A B AT RESEATpowered electrode - 7 VAL RS & HITHHEE > (ERFEJRZ

i P PR FF(ER0Q » [T RS R -
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[T Electrodeless discharges (BRI E)

w HEAESROED > S RN T EASAVEMRIMR e E FHAGES > RIMER R
FESSMINERS 2 FE B DI B Sl - R b IRMAIFEEE /8RBl a s skpyrex i B zicsl
RRERS - EIR BN A BRI - BUERTay TR T

= AR EERE T
- EEBE U B R A IR MRS B - AR ()P -

—  EAREE : RFEEEL M FERES N E BT BRI A > Hrh eSS IR R4 > FE
(inductive)frj & 17/ 4C 48 25 B 7 B8 75 (capacitive) ik 7y » (R 2 » {EREME T - 128
R R R ZE 2 IRy > HILEREE EEEERIIE  B/0F S
d e B 2 BT 2 {5 (capacitive coupling) - #1El (b))

(c)
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FER I ERE T - B E A Bl T BB -

SRR ERER N EE ~ 2585 - I AETSE L - F5 AR -

T2 BRI ARARROCHB SGE T EE T 0%l - DU — AT SR R4 B (5 -
FfFehZ 2 R FERE N B e —(EehzEE - BT 7 L2 SR maEng -

Etch tunnel v] FHZR{EHER ST ) » R/ DR 7oA 2 #8258 - i fyetch tunnel 2 € EiELE
—IHFaraday cage > I RHEDY K EE R HIFE iaﬁj:%“*m EECH e B R B A 2 2
oV TRV EREE o A MR TIEEGE BT URS EEM T -

T SR
1, Y% ~—@Gas in

Plasma —# 7 | -\*—VFtch tunnel ~ Faraday cage

/
Substrate ——‘:,Jh } ;... Py
\ y

>, s o)

X
/N

Topump e Electrod
\x___/"— ectrode
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[T RF Discharges with Electrodes
W [ JfER%E (diode reactor) | iR AT IEGIRNEE AR E A S FERE T o Ho o —ER AR LS R

PG R,
1
Showerhead @ . oh )
\ Insulated feedthrou
Zfa(diode) BTG SZ ERZE
W EHEATE  EMEEAE R EAEE N > RFEREETEEE - WAL
FERF ] Bdmag s o

W IR E IR B 2 R AR B R e Bt - EEAEELER AR HY
TEHEZERY 59 o J5 v YRR s EE2ah Z) - FEET A/ D EN 53K H s

B o
WAL o IEHEBEREAM RN EER IS S T o EE T Rl EMETEE L > [
1B 5HA R T -
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BRARHE AR A SR (Y > SEHERIE AN EESH > 75 Fl$n & 526061804 0%
PERRNE R BT ESL TI99ES - AERERAE RS YRS At

ZRIMAE SEEIGHE A M e PAIREEPECVDA Je SR A ERYBIARRUR - BERAGR
FERUERE > BB RAAE R ERE TP 2B - SRR SR e g T — B R » oL
GEE R RIATEE ARG EE A 8 ZIRER -

Reinberg reactor: radial flow reactor >

S B 1 =
F A B R - 2 (i)
BRI EIE LR, » L : o
L ORI - (SR [ ) |
S A N ——

ST » RIS B o i P

R R - BTN r i < s
b9 TR - S
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W BiReinberg[Z [fERE(PECVD) ML [ ERE 5 A

1. SRAsH NEMRFHEAIER A > FEEREVUE -

2. SH—AIREECKERE IMENEUE R T Z EEEDUNS TT = A RES
W M R DR e - BV EER T 1

Triode Reactor =i FERZE :

W YR RF R TEIE A I S 77 2B A AR 4% T B i
B 76 2 By = i S EREZE (triode reactor) » . . —
L o g — B R R B8 B ) B 0 T T B ' )
el DURE R EE ~ floatingzkgrounded - RF

SR ERE S B AR AR E —{yj
FA HH 25 = B8 fx 7 FE5 (T 0 M T R N B R = ACesokt
I = AR FE R > R i B ] AR — .

(Y& FRFAIEE » RFAIDC » RFFIAC(< ’ N
50 kHz) - AT {F — S fERE > RF
power density T] §E 2 HIA A > Fr K S
fRIBE » = ffR 2 e e b RIS e T I — PRI - -

&
»
>

@

AC<50kHz

Substrate
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M
u AR RN R RS IR > A (REAN R B M AV EET-RE B B2 HlNfE 0t
MEEERVEIFLIELS -

u A HEVESR(hot filament) Z thermionicE 72 - i S FERE 2 i EE » B2 —

fEtriode reactor o

S22 E RF RZJERE: Helical resonator & Helicon source
W Helicon plasma reactor: /& ¥fHE 2 RFXS

R4 R AT B R E R S M — BE M B A — il )
1#35(50-200G) i k. - A1 tE 45 & B HYRFEE
SNIIESS S AT TP R Helicon wave - JKiRE &
ik 2 EAL - whm S RENEE T
(] () 2 BT AR 55 5 (A HETT o AR MAES R
o EI T e P/ NI R e 2 AR 0
t— % 2 R R D i P EERYIR R - DA
15cm B E Bl » 497 100GHYREISE e DA Insulator
B confinement{EH -

External atchi
antenna atching
network &Y

13.56 MHz

NANNANY /

Source solenoid

NNANNNANNNNNNNNN
O

NANNNN\N
WNANNNN\N

Chamber
solenoid

Substrate table

Le——]
|

> Vacuum
pumps

NNNNNNNNN
NNNNNNN\N

Substrate ———
water cooling

Matching @
network
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-

®  Helicon source” #{E A 17104-102 Torr » EEAFHH LIRS 2 S FERY - S IEIREUSZ BRI MM
WEFRIN A2 o hihss n] By k A MEFR B ER LT

W AREHRGE Y RFI ERE E i & R R AT RAR Y ERem B AR @& aIE A 0 U0

®  Helical resonator : FI[FH1/4 5271t P—

HRE B Ee T > PRS2 helix i — Tl

& 1F dielectric discharge chamber 2
conducting cylinderf i slow wave : %
IR BN EE R Rz 2 MR E S e 5T 20 2
iR -
F——_; RF power

[ 1

Processing
chamber

L 1

Topumpl * I
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-

Microwave Reactors

W SKHI B 2 applicator s PTG S SLEEAATEOR B AERF (E MU B » DU AL5i:
KBRS » BRI SRR AR (0% - F5k (oS4 B P A ¢ (B B
(< 200W) s » ZE 1 5 A RAOR LAV B FRAS IR BRI -

nEEET R BRI AR A B AR RS STT - SRR
EHEER -

SRR - BRI R AR TS o AR A S
Zchg  IREE RS T IR IR BRI - 45 BT &M B LR
VT - BRI R RS ISR AR -

OB TRGERSTIEF - TR RGN - EGTE - B
BIRARIAEPY  SIMBBBRT - DR MR T S -

N - A o )
Y T == =
P S /,/’/ _ - ey _ T ) ;,:,, >
/("’ /" Py L'_,f /_, ____;-"—
®© o O =
- - ]
A R EE s Ak
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R AR 1 T8 PRI — TR B 2 -
B AR - IR R TR AR - i RS RE Rk e
T 4B SRR PO o IR T AT » R E R TR
TR R e -

T 2AFIRE £ SEAEE SR PR b o 5 TR BRI - W LUER R A
B0 SIEE o BT B S R R TR -

EAELOMAE ] » Wb A FZE 0 S B (e (s e R B S > S -
B AR S ~F IR A (SR ) BB R 2 T DATE SRR o B P (R A -
By T DA S FERETRAR o B A R EE - 20 BUE B TR
SEA (BT HIE AL » BE R Fas T -

TS > BEEAOR B A » SR SRR R LB - B
B > S BRI AR E R BT SR - IR T BB B
Rt

B © fos LM - BBR) - R -

BRI 1 AR A~ TR R E TR N RO 24 -
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-
PR S R

W MERFIION AT

ARE ST AR ET Z applicatorf (R BE & couple R/ A AT 2 SRS

fan AR R BTRER (BRIT)
/N

PR BRI

_-{ “_ |
Circulator
AR
JRELESS > [
1EATEEAR EH IR
ARUCHC Z fHBT
N RERE

RS 2N ZER

Q Applicator
e

FHREEEEA] ER
s < PHATILHC 5
AULHC Z FH PR

IO S5

A T EAE
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-

MPE-CVD
Quartz Tube
. — Gias
Inlet
=
E-H Tuner Cooling
Plasma || — DC
Wave Guide Water Power
Supply
Plunger
Susce mr/ |
Magnetron P / Diaphram
/ Gauge

'l'hermnmuple/ l

Vacuum System
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fekzapplicatorfV4H AV A © 2R (waveguide) » FHiERE (cavity) - [F#fi45 (coaxial)

i HHY AR RE Bl A 4G AT - SRR ERERET MIEEA—/TEE
Z BRI FERE -

S MR O GR IE S BLER B N 2 Sy RIS — 8 AN E 22ROz minzg » [EE
ZMim Il eBEaERE - HER/NAORE 28 & » DL HE EREN R -

Quartz tube

Waveguide -
MW cut-off shield

Plasma
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Figure 2 shows deposition results with the addition of 0.1% oxygen to the plasma. Figure 3 shows typical Raman data for
the crystals illustrated in Figure 1.

Figure 1 Figure 2

CTS/SEC X1E4

2.000

1.600 [

1.200

0.800 |

0.400 | '
l
A

400.0 600.0 : ‘ ¢ . Y
800.0 1000.0 ncu_!‘ZOO 0 1400.0 1600.0

Figure 3

Applied Science and Technology, Inc. + 35 Cabot Road + Wobumn, MA 01801 + tel: 617/933-5560 -« fax: 617/933-0750
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EREERZ RN E R E R~ > 245CGHz 2 B &
EHE 7.21cm -

R A O BE A a] 48 iy coupling iR 2 — %
K2 IIRIE MBS o 5 Bl B 5 b i) 5688 0 7008
couplersERF R 2 UK B HA R (B < fiUR?

{3z Fapplicatord > EEHE E-HETEME > WA —IT
A 2 K R B

PON S ERE oA aea T AR E R E RS e,

BEZ KIS = 0 Tk 2 R ERGE & — R ZE 2 W
Kz applicator (2x7.5cm)#E B o (= % 8h A AT BV BE
jj o

WOR gE = FEcoupled 2 B 47 522 F coaxial applicator :

External
coax

Microwave
window

O
Cooling O
coil \O

O
O

Flange to
reactor

Axisymmetric

coupler —»

Waveguide

I

Quartz bell —f—,
jar

l

+— Cavity

—— Substrate

Pump

il ey PR VORY () = s

AR PHOR 8% 2 B I
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ECR [ fERE
H ATE A S I AR R ECRIR ST Ry [N e /2 BE A7 S B HEE T R 3% L ZICHY

H i BRI (5] 75 28 B 25 (divergent magnetic field) :

W R A O DL EAL O B i A SR fE BB £ ECRALHRIE - FEML#H A 4 875gaussHY I
Sl LA 3Gk R ECRI -

BB TRCEE TR R o S ABIRERE T o T E SR AUIRAYIE R > R IL A HEE TR
5 o HEE DI 15-20VAY B BRG] PAEECRIF A AU EIHVBE T -

B IRFEESNRER - AJRECRIFEASEERTIIZEHE -t R ae (e AR 21y
S

B SEIMOEE o FTERETEA AT AINEE o (E1S I ERVER AT E RS o EhEIhLE ]
BCEN A BEMTAT - FARSCE BT R 23 M pRaS B A B T T B A R
5T
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= H AR EM OV S e 2 I E R T2 BNy T eh B — T m
(etch anisotropy) -

TERRERY AR - 3 E B R AR A BTN BT L 22 LI AL - FialEE
HrmEREAEENESE -

WEA FFIMINEER - Al AT§GS —(HRFERRE 2 A R -

Microwava
2.45 GHz

Gas i Mi
inlet — Erowawe

20
Solenoigal /%
magnet \\ Rk PR ol
o

Distanca {cm)

GCas

et —
et -10 |

i i
£ GarmsEpE

-20 ——
0 0.2 0.4 0.6 0.B 10

Magnetic Flux ( kG )
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Microwave ECR

Microwave supply L
Magnetic coil

" } (875 Gauss)

\I #:5;'

uartz dome

CH R

L Pump

—ir

— b= F_F. power supply

Shih et al, JAP 96(1) 354 (2004)

I"‘% = 7

eB

%5
LR A (08 F T ‘fl'*:i)i«ﬂifﬁgo

HDP obtalned in the quartz
dome via the interaction of

microwave and the magnetic
fields.

2mw,; w, =$n—B:>rL =i,/2me

@M,

%%rnl%]* N}'\o

e

cENT R TR A

,}s 55
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: Filtered Cathodic Arc Plasma/ FCAP

Vacuum chamber

Base pressure of 5 E-5 torr D.C. cathode arc source
=T Lt

— w
Trigger
Thermocouple
A
Substrate
jg / Shih et al. Surf. Coat. Technol., 200(8) 2679 (2006)
Hot plate

90¢ filter, operating with
the arc current (200A).
Pt plasma, major radius,15cm. B

Anders, Surf. Coat. Technol.
120(1999) 319
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#) %’

Multipolar ECR (distributes ECR)

To pump

ZHECREEHE I MEME

N4/

ECR region in multipolar ECR reactor

Lo RS Z WO RE B i 2 (A N 2 25

KREFRMEN A REEIRE N SR NEE 2 Y
FH o

2. B AV E T MNEE B R GAF VAL E

FERGLZ MELELIRS -

3. BT NS B B ECRE AT

2 FERE N 7 A — ¥ A1 AR o (NED 2 R AR I 4%
SEREHESS 0 FERImulticusp geometry reactor o

ECREH 2 OENBFIEE S @ sEEEESFEE
4% o ECROpEErAeE A s o (HALIBERAZAR
ZIEN - WA EER T - ECREJEERERIEA
EREEMT R - JIREEERBHNGE > ALt
FAZRERZI & 7 B -

FEARERFRME T ZECR » HER A RKHY I E
> sk ey TRELE TR > /2
KA ERZIES > ECRIGRAY A/ R K RFEERE
T 2 RIES R E > NARFIETEETREE RS
ZHL o
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Remote PECVD |7 FERZE

A B am a0y SOERE » & ekt s B EEE AL 2 Bl A RS 2 BT - GuE
RV EIRE KB IS~ B H #PECVDEIRE » HAIE A [F] 2 55— S B AT EIfE—Remote
PECVD (JrtE >~ Aydown-streamZLFL) o

B E A EZ AR FRSRASE © B SE EE AT - R EEEET - FrE R RS

AVEREE NS > Bl Alse iR BT

fH ¥ - {ERemote PECVDH » R K JE =N

BEL TR AT — TR - b AR I auseme
W - T IR A S B AT B N e o
KOFER: ST IR - ISt R R NP caeen
T DI/ T B I E > T R g R 1k /
PR REATHER] - EAEEIRL AT — R

7 N e N = P
FEfERemote reactor P{GEIJEES - 2&-F I LISERE pigersin ord
TIREESIES - ring
B R &— Remote plasma reactor B suvstate
o B0 B S R £ B Non
PRS- TTT-EL 2 SR A Al — B 5 L

B ABIRRIED > FEAHIBL R B 2 ) - PECVD- 1 e IRE 4
HAoN s RN
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DirectfIRemote Z4tE tr A R SHEAREHAY  EFLE(ERF triodefz JERE+ » UEAF B
B —fygrid 2 N EEMHEEEEBENIEF - HiE 2 ECRINR 2 MR & &
4t R BEFEM —IBENERE 2N > ATE RfE 0] DAEESE hgEs -

ECREZJEEIR A FI{FRemote PECVDJZ FERE » Safe A [E] Wi AECREHEZAZ I » Ak
AT E R ESS -

{40 > Firemote AR (R SIO, » O AL B AEHEHE A S - 111 SiH I B 32 A S FERE
o ZEHSIH T THIAS Z S BETAEEA R N EA AR - SigN 2Dk - HEs
i B A AH AN BT AT -

Remote B4 K2 IEEAY (5 FH B AL s 2t Sl r BB A AG Y EL a2 s - B L8Rl R B E
815 > Remote® 4T 1] LA (R it B A TR Bl 70 1 2 B e 2
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Langmuir probes B, electrostatic probes FFEFST

W AT RS B LS S IS
AL

ANV IRV, - (HESTAE A0

Langmuir probe/2 i —4@& 2 S G R & @AY BN - HARInREENRELET - e,
W > Mo > Pt > HrPWEE R - HREHEEHER GG 2 AR BEdE 2 ALOE AE

SR IERET - BRI Rn R BRI A T - RS R UEmmE - B/ MR Imm

FHE 2= seal [&H] E Al ] SR FEAT &

Reactor wall

{grounded) \

Yacuurm seal

Plasma

Probe insulator Probe tip

FProbe wire

PR Rl AT > NI TR E AN SO PRt AT A PR
5 o JRRIFT RN AR CE S BIERE T B - SRETEERIN TR E e EEY -

THRIBEE M A2 B E RIS KRB E e - -




E AR LS

National Chung Hsing University

RETIE P>hp TRIFAVERET(r o PRt 2 ) IE 2 R SN £R$1 “thin sheath probes” i /&
Izl 2 A AR - E

H YA singleEddoublefREt 2 77 - EMFEIMI— 2 ERYV - RieE R EREL
M&EEZ —IHI-VEER (% - SMNEEE B— s i RPE R 8 brY B R R -

#H¥F “single langmuir probe” S @ EEVEHE N KNIEE 2 EBHEREIER RS < 1M
$1¥%f “double langmuir probe” (JNiE . 21 E5EE €51 © double floating electrostatic
probe ;: DFEP) - EEEASE AN WA SRR 2 ] » W& I48 &5 S ERE -

REHFEERE » FREEHIMNE—IRiG=02DC power supply (£100V)AI—{EX-YEL$#kas °

Sweep voltage supply

\V:

4
X ¥ R;
1

| T

=)

Recorder/computer

F X-Y&Cikas Al JEGRET 2 -V BR (R €x
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i _ .
23. Plasma Diagnostics

Mass spectrometry
" gEfetta R TE o EAUTAREMEE - (e TIHIER AN o

Photographic

Anode

W Mass spectrograph & = {jfl FE &[5 - . +sooi>£ 150V
beam ;
1. ,_\\u > \%ﬁ¥ } a T " ,
2. HZEMETHE ¢ AfE e/m PEAVEET - e b
WoaE R EES S i L o) —
S Serf e b Magnetie fiole
TR EA S o ) P Fp
-:-S‘()()O V  Filament T7000V slit
+8000 =70 v

W Source chamber —U5 A NEE A AT A
SREEMNETF > BAHE FERERE T Schematic drawing of a mass spectrograph.
WifEES 7T IEdE T > b —%9 1
fragments - e. g., H,O 9> FHIsRBE R E

4 H,0* > 175 OH*,0%, HY, m&%xﬁ% NG
i bD}"EE ﬁzﬂaﬁﬁﬂfb i slit 3 A\ 225 Y “Wuwg /ca.

S0

Mass spectrum of some ions
of approximate mass 16, The scale
15,995 16.031 shows atomic weight of neutral species.
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58 - ESIIE () B
1 B e 1 B e
= — = /2 VvV /eB =
r2_ 2v m_ ¢ v2meV /e (rLZ > ™
BEW:S - V BTNz EHZE - DIk e/m B2 EBEELL - EAMHE[E
e/m tbZ BT E RIS - ERAFRHTEE TS0 e/m L/ NAVHEET

Detector VI T-(F(LHIBEIG 2085 T 45— TEHE TAORTEREARE - B T OBy
RCTTHEHE T eim ELEEE] » o LUEE R E RS > eg. °0°» 12CH,* » CD,*
UNH,* > DL F UND* > il THIEAITT 16 AUBIE - B aEeas o) Hes Lol TRy
B

BRI E —ER TR ZFAMRER - M as —EEMRLL LAY
L HETEHRAENGEEIRZHE a8 —F9E -

AL - R BT R Z PR T B ZAT . TR Z AR E R 2 H STE - 2R
EHEFHEE A - eg. ke 98.892% C 1 1.108% °C - “CHVHEEL2 - B°C
HYE B2 13.00335 » HILESERZIFETE ¢

12.0000 x 0.98892 = 11.8670

13.0034 x 0.01108 = 0.1441

12.0111
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Intensity (a.u.)

Ar
CH/N/Ar= :
L H 2Al"25/25/10 I——I
ECR-Power= 1000 W
|| Pressure=8*10-3 Torr Nz(lst positive)
i | N(45mm) | |
N (2nd positive
2( potive) H (656 nm)
= | i o
' CON (388 nm) Ar (695
i / N(650 nn\ l
2 r ‘
- J
200 300 400 500 600 700 800
Wave length  (nm)

OES for a-C:N showing a strong signal of CN at 388 nm in the C,H,/N,/Ar plasma

As a result of electron impact excitation or
dissociation

A+ e—A*+ e

AB+ e —A*+B+ e

followed by the release of energy of A*
A*—A**+hy

Molecular species:

Chemiluminescent recombination reactions:

A+BC—AB*+C—AB+C+ hv
Reactor Optical
fiber Photomultiplier
: \ Amplifi
Plasma Monochromator /mp ifier

Recorder/computer

Grating

Fig. 5-11 Experimental setup for optical emission spectroscopy of plasmas.
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Matching Network

/matching network
BB/ REE BRI i B ?
#her Zji'J UCACEEREHY > By HAEVHEL
BRI . R (Y — L
- i=¢ Plasma and electrodes

= B HEREIRARMEERH - EE A mEE (emf) & E&ﬁﬁ? 2 PH r R
LR kas— n SR EEIH 2 SME E Y -

E
B FAVER =
+R
E°R

P=1'R= (r +R)? T dé/R

W PHRRIMEE - for ECEIAIER P Z oK ME -
dP_E*(r+R)*-2(r+R)E'R
drR (r+R)*

& R=r-> 1[f5 P Z&KAfH (dP/AR=0) - (NILERSR BRI KAL) » & ARIFE R
S E YPGB R Y H DA BC UL -

238




E B 2 I A5
National Chung Hsing Umversit

iErte Bom ARDRE > IR AR I DTE Ry atb] Q AV BRIF A ERS - Tl
F] AR ERR RS S T8 R (power transfen) iV K (E - SR BAPTH0RE Z A EIH
PEPH AT (conjugate impedance ) a-bj QUA{H{EELRE & sk(PAE+SME) R Ayl B PH ZUAPH
bl > BRI S sk B B o B B Y EEHE — kR

HIEE > R EE EARFERAMER - EIREFAEEAEL - BE R
50Q - RF JREEIEFEEN N e HIRBUEERAVE o EEAAIEST - S EE I E A&
RN Kt LRSI

|
PP | ath)

RF 5 2 | a#iEss ab
for max. power transfer

RF S IS EHIT Z
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Reactance » &1 > sHEEHT » EUEHKTL + Opposition to the flow of electric current
resulting from inductance and capacitance (rather than resistance) .

The magnitude of the reactance of an inductor is proportional to frequency, while the

magnitude of the reactance of a capacitor is inversely proportional to frequency.

Z=R+jX ; X:XL—Xcza)L—i

@

AR L AT DA VCEC SRS &5 & B S sl A R F R A LHPH BT -

55 W T B a L S EZUHY © NIEEUCACEE R M2 R P RESEAT I B DL St S B AT
PR ©

Process chamber Logan et al.

, 1. glow impendence always capacitve
L | 2. capacitance values ranged from
N /Imf |

0.08 pF/cm? at 5 mtorr to: } _
0.12 pF/cm? at 20 mtorr to: 0.25pF/cm?® with

I/ ¢ C e — an axial magnetic
7T 008 pFrem2 Gmtomr) | - ST field of 150 gauss

0.12 pF/cm2 (20 mtorr) |
| 0.1pF =1.2x10°> Q at 13.56 MHz

Ref: J.S. Logan, IBM J. RES. Develop. 14, 172 (1970)
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Proceedings of the National Academy of Sciences Vol X1V August
1928, Langmuir in the 6" paragaph said -

“Except near the electrodes where there are sheaths containing very
few electrons, the ionized gas contains ions and electrons in about
equal numbers so that the resultant space charge is very small. We
shall use the name plasma to describe this region containing balanced
charges of ions and electrons.”

However he had used the term ‘sheath’ in an earlier paper entitled
POSITIVE ION CURRENTS IN THE POSITIVE COLUMN OF
THE MERCURY ARC General Electric Review XXVI Nov 1923.
Paragraph 9 reads -

“Let us now assume that the plane electrode be charged to a negative
potential of 100 volts. Electrons will therefore be prevented from
approaching close to the electrode, whereas positive ions will be
drawn towards it. There will therefore be a layer of gas near the
electrode where there are positive ions but no electrons,

and in this region there will therefore be a positive ion space charge.
The outer edge of this sheath of ions will have a potential of —1 and
the positive ions pass through this outer edge with a velocity
corresponding to 2 volts.

Thus not only did Langmuir introduce the terms sheath and plasma
but he discovered the Bohm criterion 21 years before Bohm ! Bohm
was apparently unaware of this paper of Langmuir’s, and the one
and only reference in his 1949 paper is to the 1929 Physical Review
paper, but unfortunately he omitted the first author namely Lewi
Tonks !
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Selective quotations from Langmuir
“Electric Discharges in Gases at Low Pressures”
J. Franklin Inst. CCXIV Sept 1932

Again this paper emphasises the terms sheath and plasma as part of the
‘missionary’ effort to get them accepted — they are italicised in the Abstract.

A late section in the paper is entitled Plasma Fields and begins —

‘Although the potential of the plasma is not entirely uniform, the
drop in potential from the center to the sheath edge is only of the
order of one volt. It is these plasma fields, however, which give to the
ions their velocities.

The electron concentration falls off very slightly as the radial
distance increases, in accord with the Boltzmann equation .... The
ion concentration, however is more nearly uniform .... Asa result,
near the walls of the tube the electron concentration decreases much
more rapidly than the ion concentration and there is thus a relatively
large space charge. ... The transition from plasma to sheath,
although not discontinuous, takes place within a comparatively small
distance and for practical purposes we may consider the regions as
being distinguished from one another.’

The next section was entitled Properties of a Positive Ion Sheath.
After some discussion of the effect of the wall having to be at a
negative potential to equalise the electron random flux and the ion

directed flux, he went on to state —

¢ Within the positive ion sheath the conditions are closely similar to
those in the typical unipolar discharge. The ions from the plasma
reach the sheath edge moving radially outward with energies of the
order of one volt. Within the sheath they are acted on by strong
electric fields which accelerate them rapidly to the walls. It is
therefore apparent that the space charge equation .... is applicable to
the positive ion currents that flow through these sheaths. If we do not
wish to neglect the effect of the initial velocities with which the ions
enter the sheath, we may make use of Eq. (7). In this equation T
may(sic) be put equal to 0.5T,.’

Thus % Mv” is set equal to “%kT,, which is ‘pretty close’ to the Bohm

criterion !
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WHY IS THE BOHM CRITERION SO UNIVERSAL ?

The answer is not the conventional one obtained by considering a
collisionless sheath and using Poisson’s equation and integrating
inwards from the wall as Bohm did because that tells you nothing

about the plasma being joined to.

It is that using the fluid model for a plasma and any model for ion
collisions and any model for charged particle generation leads to a

singularity in the plasma approximation.

d(n;v;)/dx = G(nex) generation (1)
d(nyvi)/dx + C(n;,vi,x) = nieE/M; ion momentum (2)
n.= ng exp(eV/kT,) Boltzmann relation (3)
Plasma approximation - ne = n;=n.
(3) gives  dn/dx = -neE/KT, (@)
(1) gives  vdn/dx + ndv/dx = G(n,x) (5)

(2) using (4) & (1) gives nvdv/dx + kT/M; = -C(n,v,x) — vG(n,x) (6)
(5) and (6) can be solved for dn/dx and dv/dx to give -

dn = C+2vG and dv=Cv+ G’ +KT./M,)
dx v — kTJ/M, dx  kT/M;-v*

Both expressions are singular i.e. they have infinite derivatives where

v: = KTJ/M;
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GENERALISATIONS OF THE BOHM CRITERION

Let us write the conventional criterion as Mi/KkT, = 1/v{, then
historically the first generalisation was obtained by Harrison and
Thompson (1968). They considered a wall-directed ion distribution,
giving —

M/KTe = Jo” vi? £i(v) dvi /o™ fi(vi) dvi. (1

The next obvious generalisation is a non-Maxwellian electron

distribution, when the lhs becomes -
My/me [” v 9f(ve)/ove [ Te(ve) dve 2)

Further generalisations follow from including more than species, and
Braithwaite and Allen working inwards from the wall obtained for
the situation with two Maxwellian electron species with temperatures
Te, and T, and densities at the ‘plasma edge’ ng, and n —

Ivlivi2 = kTeI|Tec(neh+nec)/(nellTec+l|ecTeIl)' (3)
We should note that the densities are local densities and may differ
significantly from the central density.

That difficulty was overcome by Franklin and Snell since they gave
the plasma solution for the analogous situation in an electronegative
plasma where T, and T, replace T, and T finding —

Mivi2 = kTeTu(ne+“n)/(neTn+nnTe)a (4)
but being able to relate the edge values to the central values.

Now if one considers two ion species as did Riemann, the form is
different, and working in from the wall one obtains —

(n+n)/KTe = n /M v + ny/Myv,? (5)
but again one has local values for the ion densities.

However in the particular case of ionization by electron impact and a
collisionless plasma, Franklin has shown more recently that then
each species obeys its own criterion independently i.e.-

Nl|V|2 = kTe and Mszz = kTe (6)
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Derivation of the flux to a surface. given density and average velocity.
Say that f(v) 1s the distribution of particles in velocity space.

To find which ones will hit a unit area of the wall in a unit time. dt.
compute:

# striking

unit area - unit time

I = flux to the wall =

x

_ T ”jz J‘f(v)v(cos On’sin@dé de dv

$=0 6=0v=0

2 wf2

_ J' j T f(v)v(cos@)d Jy

where d*v is a shorthand for v’sin6ded ¢ dv and 6 is only integrated from

6=0 to /2 since the particles from 7/2 >0>x are going away from the wall.
The v(cos6) 1s the component of the particle’s velocity vector that 1s
perpendicular to the wall segment.
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L =2zQ/ 2)°f fnidv = ﬂof fn’dv
0 0

The mean speed v is defined as

27 27 o®©

LT Tromd i(zz)(z)ojo f(\-)1=3d\~=4—”°f Fedv
n 0 n 0

M 06=0v=0

V=

Therefore. due to (1) and (2):

F:ln;
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