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EECS 517 (NERS 578). Physical Processes in Plasmas
Fall 2010 - TuTh 10:30 AM - 12:00 PM - 1012 EECS

Instructor: Mark J. Kushner
2236 EECS Building (734-647-8148)
Office Hours: Afternoons or by appointment
e-mail: mjkush@umich.edu

Grader-Teaching Assistant: To be announced

Goals of Course: This course addresses the fundamental science and the technology of low
temperature, partially ionized, non-equilibrium plasmas. This class of plasmas is used, for
example, for etching and deposition of materials, surface treatment, lighting sources, flat panel
displays, welding, laser ablation, lasers and biomedical applications. These plasmas are also
naturally occurring, such as the aurora, shock waves and lightning. The objectives of this course
are to first provide a foundation of the fundamentals of electron-atom collisions, electron and ion
transport and the different ways in which low temperature plasmas are created. After providing
this foundation, the course will apply those fundamentals to study of technologies which use
partially ionized plasmas, with examples taken from lasers, plasma materials processing, lighting
sources and plasma medicine.

Grading Policy: The field of low temperature plasmas is intrinsically interdisciplinary. The
linkages between the supporting fields are best appreciated by problem solving in a real-world
context. As a result, one will not be able to fully benefit from the course without putting a good-
faith effort into the homeworks. To acknowledge the importance of homework, it is being
heavily weighted in the grading policy. The grading policy will be:

Homework 30%
Mid-Term Exam 30%
Final Project 30%
Instructor's discretion 10%

Instructor's discretion includes my qualitative assessment of students' effort towards the course
(e.g., class attendance and participation).
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Texts:

Required: M. Lieberman, Principles of Plasma Discharges and Material Processing, 2"

Edition (Wiley, New Jersey, 2005)

Optional Text:  A. Friedman and L. A. Kennedy, Plasma Physics and Engineering

(Taylor and Francis, New York, 2004)

Note that both of these texts are available electronically through a subscription by the UM
Engineering Library.

"Principles of plasma discharges and materials processing” can be accessed online at
http://proxy.lib.umich.edu/login?url=http://www.myilibrary.com?id=25507

"Plasma physics and engineering™ can be accessed online at
http://proxy.lib.umich.edu/login?url=http://www.myilibrary.com?id=34790

Course Website: The course website will be located at "http://uigelz.eecs.umich.edu —
Classes — EECS 517 . The materials that will be posted on the website include:

1.
2.
3.

Introductory materials

Homework assignments

Handout Packages (Note that some, but NOT ALL of the handouts can also be
downloaded individually?!)

Class announcements (such as cancellations, rescheduled classes, exam dates)
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EECS 517/NERS 578 Fall 2010

Course Map

""Gaseous Electronics is the study partially ionized gases and their application
to technologically relevant devices.""

MICROSCOPIC —> MACROSCOPIC

Electron collisions

Cross sections, rate coefficients
Gas discharge theory
Electron production, loss
Sheaths
Electron distribution functions
Transport coefficients

Low pressure dc discharge devices

High pressure discharges and
e-beam pumped plasmas

rf and microwave discharges
Diagnostics
Applications:
Plasma etching

Toxic Gas Remediation
Special Topics
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EECS 517/NERS 578 Fall 2010

Syllabus and Reading Assignments (Version 01)
Reading assignments in Lieberman are required. Others are recommendations for background.

Reading Assignments
Topic (Chapters or sections)
Unit Lieberman | Fridman
I. | Introduction 1 1
I1. | Electron Collisions 3,8 2,3
Appendix A
I11. | Cross Sections and Rate Coefficients 3,8 2,3
IV. | Gas Discharges 2 7
V. | Electron Continuity Equation, Diffusion, Production, Loss 2,5 4.5
VI. | Sheaths 6.1-6.5 6.1
Handouts
VII. | Electron Distribution Functions 2, AppendixB | 4.1-4.2
VIII. | Transport Coefficients 5 6
IX. | Low Pressure DC Discharges 10,14 7.12-7.8
X. | High Pressure Discharges and Electron Beam Pumped Handouts 12
Plasmas
XI. | RF and Microwave Discharges 11,12 10.5-10.6,
10.9
XI1. | Fully lonized Plasmas 4, Handouts
XI1I1. | Magnetic Fields in Discharges 4 6.2
XIV. | Inductively Coupled Plasmas 12 10.7
XV. | Diagnostics 6.6
XVI. | Applications and Special Topics (to be selected by class)
a. Plasma Etching/Deposition/Surface Chemistry 7,9, 15,16
b. ECR and Helicon 13.1,13.2 10.8
c. Plasmas in Liquids Handouts
d. Plasma Medicine Handouts
e. Dielectric Barrier Discharges Handouts
Required: M. Lieberman, Principles of Plasma Discharges and Material Processing, 2™

Optional Text:

Edition (Wiley, New Jersey, 2005)

A. Friedman and L. A. Kennedy, Plasma Physics and Engineering

(Taylor and Francis, New York, 2004)
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are.

Alternate Classes:

EECS 517/NERS 578 Fall 2010

Class Schedule (Version 02)
The class schedule is listed below. Due to my travel commitments this Fall, we have scheduled
alternate makeup lectures on Friday afternoons. The times and locations of the alternate classes

Date Time Room
17 | Sept. | 4:00 -5:30 pm DOW 1018
24 | Sept. | 4:00 —5:30 pm DOW 1018
1 Oct. | 4:00-5:30 pm DOW 1018
15 | Oct. |4:00-5:30 pm EECS 1012
29 | Oct. | 4:00-5:30 pm EECS 1012
5 | Nov. | 4:00-5:30 pm EECS 1012
Class Schedule:
Class | Day Date Comment Approximate (1) Topic (See Syllabus for
Reading Assignment)
1 T 7 | Sept. Introduction
2 Th 9 | Sept. Electron Collisions
3 T 14 | Sept. Electron Collisions
4 Th 16 | Sept. Cross Sections and Rate Coefficients
5 F 17 | Sept. | Alternate Class | Cross Sections and Rate Coefficients
T 21 | Sept. | MJK Travel
Th 23 | Sept. | MJK Travel
6 F 24 | Sept. | Alternate Class | Gas Discharges
7 T 28 | Sept. Electron Continuity, Diffusion, Sources
Th 30 | Sept. | MJK Travel
8 F 1 Oct. | Alternate Class | Electron Continuity, Diffusion, Sources
T 5 Oct. | MJK Travel
Th 7 Oct. | MJK Travel
9 T 12 | Oct. Electron Continuity, Diffusion, Sources
10 Th 14 | Oct. Sheaths
11 F 15 | Oct. | Alternate Class | Electron Energy Distributions
T 19 | Oct. | Fall Study Break
Th 21 | Oct. | MJK Travel
12 T 26 | Oct. Electron Energy Distributions
13 Th 28 | Oct. Transport Coefficients
14 F 29 | Oct. | Alternate Class | Low Pressure DC Discharges
15 T 2 | Nov. Low Pressure DC Discharges
16 Th 4 | Nov. High Pressure and e-beam pumped plasmas
17 F 5 | Nov. | Alternate Class | High Pressure and e-beam pumped plasmas
18 T 9 | Nov. RF Discharges
19 Th 11 | Nov. RF Discharges

Syllabus-2




EECS 517/NERS 578 Fall 2010

20 T 16 | Nov. Fully lonized Plasmas
21 Th 18 | Nov. Magnetic Fields in Discharges
22 T 23 | Nov. Magnetic Fields in Discharges
Th 25 | Nov. | Thanksgiving
Recess
23 T 30 | Nov. Inductively Coupled Plasmas
24 Th 2 | Dec. Diagnostics
25 T 7 | Dec. Special Topics — or Project Presentations
26 Th 9 | Dec. Special Topics — or Project Presentations
M 13 | Dec. | Final Project

Due (5:00 pm)
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EECS 517/NERS 578 Fall 2010

Supplementary Texts and References
**= On Reserve at UM Engineering Library

J. R. Roth Industrial Plasma Engineering. Vol 1 & 2 e
Practical view of low temperature plasma physics from
an engineering perspective.

A. Fridman and L. A. Kennedy Plasma Physics and Engineering e
Comprehensive text on low temperature plasmas

A. Fridman Plasma Chemistry *x
Physics of low temperature plasmas and application to gas
phase and surface chemistry.

C. K. Birdsall and A. B. Langdon  Plasma Physics via Computer Simulation *x
Introductory text on the use of Particle-in-Cell simulations
for modeling plasmas.

M. Mitchner Partially lonized Gases *x
Mostly for fully ionized plasmas but good treatment of sheaths,
continuity equations, and electron-ion collisions.

G. Bekefi Principles of Laser Plasmas
Specialty items such as recombination, discharge stability and
vibrational excitation.

L. M. Biberman, et al. Kinetics of Nonequilibrium Low-
Temperature Plasmas
Good general reference but difficult to read.
(Russian Translation)

S. C. Brown Basic Data of Plasma Physics
Classic text for most topics.

B. Chapman Glow Discharge Processes
Good “gut level” monograph. Good source for RF discharges.

F. F. Chen Introduction to Plasma Physics
Fully ionized plasmas with good treatment of Debye lengths, and
magnetic field effects.

B. Cherrington Gaseous Electronics and Gas Lasers
Good basic introduction.
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J. Cobine Gaseous Conductors
Extremely empirical treatment of topics but good presentation.
(You can learn something from this book on the first reading.)

L. Huxley Diffusion and Drift of Electrons in Gases
Advanced monograph on Boltzmann Equation and Transport
Coefficients.

U. Kortshagen Electron Kinetics and Applications of Glow
Discharges
Proceedings of NATO Workshop. Very good overview articles

L. Loeb Basic Processes of Gaseous Electronics
Classic and comprehensive text.

D. Manos and D. Flamm Plasma Etching: An Introduction
Compilation on methods in plasma processing.

T. Mark Electron Impact lonization
Thorough treatment of electron impact collisions producing ionization

E. McDaniel lon Molecule Reactions
Advanced monograph on reactions between ions and neutral
atoms/molecules. Good tables of reaction rate coefficients.

L. C. Pitchford, et al. Swarm Studies and Inelastic Electron-
Molecule Collisions
Compilation of papers on fundamental studies in nonequilibrium
electron transport and obtaining cross sections from swarm data.

Y. Razier Gas Discharge Physics
If you are going to buy a second text, get this one. It has all the
material that’s important, but is difficult to read.

Y. Razier Radio Frequency Capacitive Discharges
Exhaustive treatment of this important discharge device
for plasma etching.

S. Rossnagel Handbook of Plasma Processing Technology
Compilation of papers on basics of plasma etching and
deposition.

B. M. Smirnov Physics of lonized Gases

Good general reference but difficult to read.
(Russian Translation)
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A. von Engel lonized Gases
Collection of lectures given at Oxford.
Considered a classic for introduction to field.

A. von Engel Electric Plasmas; Their Nature and Uses
Simplified view of gas discharges but good introduction.

J. Waymouth Electric Discharge Lamps
Defining text for fluorescent lamp physics.
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EECS 517/ NERS 578 Fall 2010

Projects

In lieu of a final exam, there will be a final project. The project should consist of
developing a model for, or performing an in depth analysis of, a low temperature plasma or
electric discharge system. Some possible choices of electric discharge systems are:

e Plasma processing reactors e Sputter deposition reactors
e Fluorescent lamps e E-beam pumped systems
e He-Ne, excimer, CO; lasers e Arc jets and plasma thrusters

The project should include a literature search to provide you with background on how
these devices operate and to see how other researchers have analyzed them. Some of the models
which appear in the literature are quite involved and complex. The intent of the project is not for
you to duplicate the complexity of those models. Rather, the intent is to give you some sense of
how the device and the "final product” (e.g., laser power, deposition rate, etch rate) scales. Your
model should have at least the degree of sophistication of our homework assignments but should
include real device parameters. For example, use the actual gas pressures, gas mixtures,
dimensions, cross sections, currents, and voltages. (Note, you can obtain the real cross sections
for the majority of cases of interest by request from M. Kushner.)

Your final project deliverables will consist of the written report and, optionally, a
presentation to the class. The limit on length is 25 pages, though 25 pages are not required.
(Fewer pages of higher quality are preferred.) Please include a description of the discharge
system, how you have analyzed it, the scaling laws you developed and a discussion of what you
have learned. Generously use plots to display parametric results. Your analysis might include
Issues such as:

Electron densities e Electron or ion energy distributions
Electron and ion temperatures e Efficiency of producing the "product”
Current density, power e Densities of excited states.
deposition, operating E/N
e Etch or deposition rates e Spectrum of emitted light.
Due dates:  Optional Oral presentations: December 7 & 9, 2010
Report: Monday, December 13, 2009, 5:00 PM

Paper copy to Prof. Kushner office, PDF copy to
mjkush@umich.edu

Project-1



EECS 517 /INERS 578 Fall 2010
Units and Best Practice

Units prove to be a confusing aspect of this course. The units which are commonly in use
in the field are the "standard” for this course. Unfortunately, the units are "mixed"” (that is, a
mixture of cgs and mks). Some useful conversion factors are listed below. Some best practices
you should follow are:

1. ALWAYS perform a units analysis and perform a "sanity" check to determine that your
answer is reasonable. In most cases, "unreasonable” answers are a result of unit problems.
For example, if your answer is that the argon ion density in a plasma etching reactor is 10®°
ions/cm®, your answer is unreasonable and you probably have a units problem. You know
your answer is unreasonable since if the density is really 10°° argon ions/cm?, the mass of 10
cm?® of the plasma would be equal to twice the mass of the earth.

2. Never, ever be confused by expressing temperature in Energy Units (or vice-versa).
Temperature in Energy Units ALWAYS Means

T (eV) =KT (eV)

3. Unless specified otherwise, you final answers in homework problems should be expressed in
the following units.

Electron energies or temperatures eV
Atomic or molecular energies or temperatures KoreV
Lengths cm
Electron, atomic or molecular masses AMU or g
Electron, atomic or molecular speeds cm/s
Cross sections cm? or A?
Mobilities cm?’/V-s
Diffusion coefficients cm?/s
Rates coefficients (1st, 2nd, 3rd order) st cm®/s, cm®/s
Electric fields V-cm?
Normalized Electric Fields V-cm™ or

Td gio'” V-cm?)
Densities cm’
Power W
Power deposition (specific) W-cm’®
Current density Amps-cm

Units-1
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Useful Conversion Factors

k=1.38 x 10-16 erg/K = 1.38 x 10-23 J/K
1eV=16x1012ergs=1.6x1019J=11,594.2 K
g=¢e =1.6x 1019 C (coulomb) = 4.8 x 10-10 esu
1V =1J/C =107 erg/C
g0 = 8.85 x 1012 [F/m or C2/m-J] = 8.85 x 10-14 [F/cm or C2/cm-J]
me (electron mass) = 0.911 x 1027 g = 0.911 x 10-30 kg
E/N: 1 Td (Townsend) = 10-17 V-cm?2 = 10-21 VV-m2 = 0.354 VV/cm-Torr at (T = 273 K)
1A2=1016 ¢m2 =10-20 m2

1 atm =760 Torr = 1.013 bar
. P P(T
Gas Density: N = 17 =9.654x 1018J-|-%2 cm-3

1 m3=106cm3

Units-2
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Useful Relationships

1/2
Electron speed for energy ¢ : V= (%] =5.93 x 107 (g(eV))Y2 cm/s
e

8KT,
Mg

1/2
Average electron thermal speed for temperature Te: v = [ j =6.69 x 107 (Te(eV))¥2 cm/s

1/2 1/2 1/2
Debye Length: Ap = [ﬂJ { KTe 2J =743{ Te(eVé] cm

neq2 4meq nelcm™

mks cgs

Plasma Frequency:

22, o2 o
wp (radian/s) :(ﬁJ {ﬂ] =5.64><104[ne(0m_3) =

Me&g Me S
mks cgs
3
Rate coefficient: k[ﬂ]: <ocev> (e.g.(e.g. aa—’:' =nekN))
S
o = cross sectioncm2 v = velocity cm/s
2 -3
Conductivity: o= "9 _5g81x107% nE(Cm 1 ) !
MeVm Vi (s_ ) Q-cm

vm = electron momentum transfer collision frequency

15 . 2
Electron Mobility:  pe = g _1756x10" cm

MeVm Vi (5—1) V-s

Units-3
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32nm half pitch poly Si gates
plasma etched using a double pattering
lithography technique.

Deep Si etching for a liquid
separation device.

Etch of 30-nm wide trenches in a
k=3.0 low-k material, using a next-
generation patterning technique.

IMEC 2006 Scientific Report, http://www2.imec.be/



M. A. Vyvoda et a, "Effects of plasma conditions on the shapes of features etched
in Cl, and HBr plasmas: |. Bulk crystaline silicon etching”, J. Vac. Sci. Tech. A

16, 3247 (1998)
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Applied Materials, Inc. - DPS (Decoupled Plasma Source)

Ref: Applied Materials, Inc.



Applied Materials, Inc. - DPS (Decoupled Plasma Source)

Ref: Applied Materials, Inc.
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300 mm ETCH TOOL:
ELECTRIC FIELD, POWER, ION DENSITIES

ELECTRIC FIELD POWER DEPOSITION
[11.5 V/cm, 2 dec] . [0.48 W/cm 3,2 dec]

26

HEIGHT (crm)
w

0
24 12 0 12 24
RADIUS (cm)

CI*+ [max =85(10)] . Clp™ [max=42(10)]

26 i i
i i 1 B 1 1 3

HEIGHT (crn)
|_\
w

024 12 0 12 24
RADIUS (cm)
* Ar/Cl2/BCl3 = 1/1/1,
10 mTorr, 600 W ICP,
100 V bias, 150 sccm UNIVERSITY OF ILLINOIS

OPTICAL AND DISCHARGE PHYSICS

SRC96M47



300 mm ETCH TOOL:
PRECURSORS, ETCH PRODUCTS
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Trikon MORI Helicon Plasma Etching Tool

20



0.05 5V/iecm

Electric field (top) and electron temperature (bottom) in a helicon
plasma tool operating in 10 mTorr of Ar.



Inductively Coupled Plasma (40 mTorr, 400W)

M. J. Goeckner et al, Trans. Plasma Sci. 36, 996 (2008)



f g

25 kV (0.8 ns resolution)

Streamers in a 25 mm air gap

(Ref: E. M. van Veldhuizen, P. C. M. Kemps and W. R. Rutgers)



Discharges in Air: (top) negative glow, (middle) glow, (bottom) spark

(Ref: O. Goossens, T. Callebaut, Y. Akishev, A. Napartovich, N.
Trushkin and C. Leys)



Glass Sphere Dielectric Barrier Discharge for Ozone Production
(top) 4 mm gap, 3 mm spheres, (bottom) 10 mm gap, 2 mm spheres

(Ref: A. B. Murphy and R. Morrow)



Ar (low flow) Ar (medium flow)

Microwave (2.45 GHz) Atmospheric Pressure Plasmas
M. J. Shenton and G. C. Stevens, Trans. Plasma Sci. 30, 184 (2002)

microwave_atm_plasma_tps_ 100



Atmospheric Pressure dc Discharge in He
|. Alexeff and M. Laroussi, Trans. Plasma Sci. 30, 174 (2002)

atm_he_discharge_tps 63



cathode

anode

7, [KK]

Arc Plasma Jet
(top) Calculated heavy particle temperatures (Ar, 400A)
(bottom) Model and experiment of plasma emission.

J. P Telles, et al. Trans Plasma Sci. 36, 1026 (2008)
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Electrode

Quartz Arc Tube
Electrode

Osram-Sylvania - Metal Halide Lamp

Osram Sylvania"Metaarc Pro-Tech MP-175"

Osram-Sylvania Compact Fluorscent Lamp



Hall Thrusters for Spacecraft Propulsion (Ref: A. Gallimore, UMich)



LARGE AREA PLASMA PROCESSING SYSTEM (LAPPS)-AGILE MIRROR (NAVAL RESEARCH LAB)

LARGE AREA PLASMA PROCESSING SYSTEM

(LAPPS)
EORAM  DEAMGERIRATED  MAGNITEC FIBLD AUELIARY
SoURCE FLASWR, — ELECTROOE

T, e P P T

E oty MATERISL TE BE
RF Bug FROCEASESD o

A low pressure (10s - 100s mTorr) chamber is placed in a solenoid to
produce an axial magnetic field. A low plasma is produced by a
cold-cathode electron beam alinghed with the magnetic field. A
planar, low temperature plasmais produced.

Top left - Schematic of LAPPS system
Top right: LAPPS apparatus

Bottom left: Earlier version of LAPPS used as an agile microwave
mioor. Agile mirror is shown in its low pressure chamber with the
magnetic field coils. The 50 cm x 50 cm x 1 cm plasma distribution
has a density sufficient to reflect 10 GHz microwaves fed by the
antennaon the right.




340V, 0.492 mA, 500 Torr Neon

Edluiuc
Laboratory for Optical Physics and Engineering
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K. S. Kim, et al., Trans Plasma Sci. 36, 1288 (2008)



t=2ns t=4ns

Ot A

=10 ns

Laser Generated Plasma
(1019 < [e] < 1020 cm-3)

J. F. Camacho, D. E. Bliss and S. M. Cameron,
Trans. Plasma Sci. 30, 42 (2002)

laser_produced plasma_tps 92
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RELATION BETWEEN CROSS SECTION,
FLUX, RATE OF COLLISION, AND RATE COEFFICIENT

Consider a single atom with cross sectional “area’” of so cm?2. If electrons with energy e

randomly pass through a plane of area A, then .'( g

the probability of any one single electron 4

passing through area A of hitting the atomis | ~E

A 107 -
mm.j&rei”””’; @ o
u]
_So
P1=%" A {_
e Area A
v 1z

Now if the total number of electrons with energy e passing through A per second is g, then the
rate of all electronswith energy e hitting asingle atomis

where the electron flux f ec_m2_s 0 isthe number of electrons passing through the plane per unit
area.

Now if there are N1 total atomsin avolumeV then the total rate of collisions of all
electrons striking all atoms per unit volumeis

NT@ 1 1 NT 1
Ry = %Ry~L = RyN——, N = ~L—
2 7 "V eaemas 1 emds Vo cm3
=f SoN 1
cms3-s

where N is the number density of atoms.

So finally the rate at which asingle electron with energy e strikes a single atom per unit
volume (nT total electronswith energy ein V) is

Ra= R 1 cm3 _ fsgN _ fsgcemd
3 Zf?HTTO?ENTO s nN n s’
evVeeVg

423 Rela Betw 1/96 1



where nt is the total number of electronsin volume V having energy e and wheren = g
S isthe number density of electrons at energy e.

The flux of electrons at energy eis

1/2
_ &0 _
f@=n@ gmeg =NEV_——
%Zeo 1/2 .
wherev = em.o isthe electron velocity, so
f(e)s,(€ cm3
R(e) = H 28D = s o(@u el

With these definitions, the average rate at which asingle electron strikes a single atom per unit
volume for an entire distribution of electron energiesis

K = f(eIRa(@de = f<e)so<e>§51€8 e

=<SpVv>

&M36

where k = electron impact rate coefficient . & s o

f(e) = electron energy distribution function (eV-1) normalized as

¥
(‘af(e)dezl

Example: Thetime rate of change of electron density due to
electron impact ionization collisions is

Kateof ionizing
Lcollisions per unit

dn. & 1 unit . @&Number of U éNumber of U
Tte Soioo T4 olume of asingle’” sdlectrons g eftoms a
cm ‘?electron witha U @&per unit volume] éper unit volume(
&ingle atom H
K, Bm36 h &l N &L
| e S g € écmgﬂ écmgﬂ
1
=nek N —r
ekiN €cm°-s 9

423 Rela Betw 1/96 2
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Elastic scatteﬁng of low-energy electrons by Ne, Ar, Kr, and Xe

R. Haberland, L. Fritsche, and J. Noffke
Institut fir Theoretische Physik der Technischen Universitdt Clausthal, D-3392 Clausthal-Zellerfeld,
Federal Republic of Germany
(Received 24 September 1985)

We treat low-energy electron scattering by atoms within a Kohn-Sham-type one-particle theory.
In applying this theory, all many-body effects involved in the projectile-target interaction are ab-
sorbed into a one-particle potential. Hence, one merely has to solve an elementary potential-
scattering problem. However, there are two crucial points to be observed in the construction of the
scattering potential. (1) The Kohn-Sham-type exchange-correlation potential must be formed by us-
ing correlation factors which are required to have certain asymptotic and integral properties. (2)
Since the scattering process is viewed as being quasistationary, the unbound projectile state must be
modified by a bell-jar-type envelope function to account for the effect of a finite residence time in
the target where the projectile causes a finite perturbation. During this time the entire system has to
be treated as consisting of N +1 indistinguishable electrons which in a Kohn-Sham-type theory are
described by only N +1 self-consistent one-particle states. Once the analytical forms of the correla-
tion factors and the envelope function have been chosen, the calculational procedure is completely
parameter-free. Although it is considerably simpler than well-established methods in this field, it
provides comparably good results on differential cross sections and scattering-induced polarizations
in a wide range of impact energies (5—100 eV).
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FIG. 2. Differential cross sections for elastic scattering of electrons by Ne atoms (in atomic units): (a) 5 €V, (b) 10 €V, (c) 20 eV, (d)
50 eV, (e) 100 eV. Experiment: @, Ref. 14; O, Ref. 15; X, Ref. 16. Theory: ——, present work; — — —, McEachran and Stauffer
(Ref. 13); —. —.—. , Fritsche et al. (Ref. 1).
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Values for transitions ir atomic hydrogen { allowed transitions )

Transition eqU;(42) 2qu. (43) Transition eqv.(42) L eav. (43)
| O“J (25/3"‘: C"JE&J LJ dLJ ']25/’31:1 CL_! E',L d"}
-1 5§ ———tm 2 p 1.0011.25 |1.2611 46 -—u3 1 1.7712.33 |1
12s—=3p |0.81{1.25 |0.51 16 —=4p |1 2.0312.75 11

2p—=3d 10.90|1.25 {41.10}4|| 1s—=5p |1 2.1512.94 |1
e 15-———»69 1 2.2413.08 |1

3e~==4010.7511.25 10.33}1

3p—=4d [0.80]1.25 [0.50|1|] 2¢—=4p |0.8311.25/0.83 |1

3d—=4F10.85[1.25 | 0.52(q|| 25 —="5p;0.83;1.25/1.04 |1
| —— 26—=6pi0.35}11.25(4.48 |4

4's—=5510.72|1.25 | 0.24|1]| 2s—=7p |0.95|1.25|1.28 |1
4p—=5d (0.7711.25 {0.33]1 3, 5010.8201.2510.51 |1
4d—= 5fF|0.7911.25 | 0.46]1
45__._5% 0.8311.25 l0.79]1 3s—a5d(0.90 1.25(0.94 |4
3d —=5F |1 1.93(12.59 {1
Values for transitions in atomic helium ( allowed transitions )
. equ. (42) equ. ( 42))

Transition Transition p— -

Fi’j O(Lj 125ﬁ5.’ p,,j i IZSﬁLJ
1

1's—=2'p | 0.276 {1.1|1.25||25—4P| 0.051 |1.1]1.25

- 1
—3'P| 0.073 |1.2]1.25 —5P| 0.022 | 1.0(1.25
__.,4:p 0.030 | 1.411.25 —=6P| 0.013 1.0 1.21
—=5P | 0.015 | 1.311.25 1 2°5__2°p| 0.539 | 0.8|1.25
2's—oo'p| 0.37 | 0.9|1 .25 —=4’P{ 0.023 | 1.0]1.25
A ' SN —5'P| 0.011 |1.0{1.25

H. Drawin, EUR-CEA-FC-383,

1966
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Electron-impact excitation cross sections for Na 11

P.S. Ganas, M. Aryatfar, and L. P. Gately
Department of Physics and Astronomy, California State University at Los Angeles, Los Angeles,

California 90032
J. Cham. Phys. 81 (4), 15 August 1884
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Fig. 2.1 The “boomerang’ model of the nuclear wavefunction applied to the N; ion. This
model is discussed by Herzenberg (1968). It is based on the assumption that the magnitude
and R-dependence of the width I'(R) are such that only a single outgoing and 2 single
reflected wave are important. (From Birtwistle and Herzenberg, 1971.)

G. Bekefi, "Laser Plasmas"
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Vibrationally inelastic and elastic cross sections for e + NF;

collisions
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Fig. 2-1. Absolute partial ionization cross sections for He+e—He' +2e¢ after Miark (1982a).
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Stephan et al. (1983 d, ). Full dot: total cross section at 70eV determined by Beran and Kevan (1969)
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Derivation of
Superelastic Cross Section

A “superelastic” collision (or collision of the second kind) occurs when an electron de-excites a
higher lying state. In doing so, the electron gains energy

Inelastic Superelastic
e+ N —> N*+(e—Ag) e+ N* > N+ (e+ Ag)

where Ag is the energy loss (inelastic) or energy gain (superelastic) resulting from the collision.
The superelastic cross section is obtained from the excitation cross section through the Klein-
Rosseland formula.

Assume we have two atomic levels

. n2, g2 i E2
n; = density of level
gi = degeneracy
E; = energy of level
Ac=E, - E, G12 G21
o1 = excitation cross section
021 = superelastic cross section n1, 91 y =

For a Maxwell Boltzmann electron energy distribution the number of electrons in (g, € + de) is
proportional to

f(e)de =K exp(%} g'"de

e

where K is a constant. The total rate of excitation of n, by these electrons is

12
R,,(e)de =Ko, (e)n, (ﬁj f(e)de #3
m, cm’s
The total rate of de-excitation is
2 12 #
R, (e)de = Ko, (s)n{—gj f(g)de 3
m, cm’s



If there is only one inelastic process, then electrons can only enter (g, € + de) with &€ < Ag by
suffering inelastic collisions from higher energies, and can only leave (g, € + de¢) by suffering
superelastic collisions.

€+ de+ Age
€+ Asg

T INEL?\STIC

| Age
SUPERELASTIC l
€+ de

So in the steady state we must have the rate of population and depopulation of (g, € + dg) be
equal.

Electrons at € + Ag
¢lNTO(s,a+ds) =R, (e+Ag) exciting n, and

losing energy.

Electrons at ¢ de exciting nz}

¢0UTOF(s,a+de) =R, (¢) { ..
and gaining energy.

€

12
28 _8 12
o, (emn,| — eXp| — | €
21 (€) z[mej p(kTJ

o, (e)=0,(e+ Ag)[8+ Agjﬂexp(—mj
€

€

2(e+ AS)J”2 exp[ —(e+ Ag)
kT

012(8+As)n1[ j(SJrAS)m _

n, kT,
. ey s n, g, —Age
If we are in equilibrium then — = ==exp| —— | so
n1 gl kTe
g, (e+Ac
Gzl(g)zg_l( j012(8+A8)
2

o21(€) is always nonzero for € > 0 since G12(e + Ag) is nonzero.
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ANALYTIC EXPRESSIONS FOR ELECTRON IMPACT CROSS SECTIONS

m, = electron mass =9.11x10* g, M = atomic mass, q = elementary charge,

2 —34
4 = Bohr radius h - 0.529x10% cm, h = Planck constant _ 6.63x107"J -5 ’
m,q 2z 2z
m M an 1/2
g =electron energy, u =reduced mass = —=——, k =wave vector = =1
(me +M ) h

1/2
k,T
A, = Debye Length = (M] , k, = Boltzmann's constant =1.38x1077J - K,

mé’né’

F
&, = permittivity free space =8.85x10">—, n, = electron density, N, =ion density,
m

T, = electron temperature, Z = charge number of ion, f, = oscillator strength,

2

Z
b, = scattering parameter for 90° collision = 2 el , E, =Rydberg energy =13.6 eV,
e

o

&, = number of orbital electrons in the outer shell of the atom

Born cross section for elastic collisions:

(g)— l6mu’q*a’
r\4k*a® +1
14%x107' )

For electron scattering on helium, o(g)=—————~—cm
0.3-gleV)+1

Coulomb cross section for electron-ion collisions:

ole)=4nb] ln[l + (’;—Dn

Electron-ion collision frequency for a Maxwellian electron energy distribution

— 3/2 ) 3/2 P
:4 2”(’%6] ( 4 j lrlAzN1(01n’3)wlnAs’1

Ver 3\ k,T, dre,m, T.(eV)

2
A=lp b, S
b, 127¢ k,T,




Drawin expression for Born-Bethe electron impact excitation cross section:

For excitation of state j (higher energy) from state i (lower energy) having energy separation E|

U. -1
O (£)= 4”"2(E_HJ i%ij g]—zln(l-ZSﬂinj ), U, =

i

5
Ei/

o, and 3, are atomic constants depending on the i,j with values of order 1.

Drawin expression for electron-impact ionization:

For ionization of atom or molecule with ionization potential E,

1/2
o, (e)=2.66ma°¢, UU—_zlln(IQSﬂU), U = Ei B=1+ ( Z,~1 j Z = (ﬂ]

Gryzinski expression for electron-impact ionization:

For ionization of atom or molecule with ionization potential E,

o) 4me [ B g0)

1

_ LU= 2 ) vt gzl 4
g(U)_U(UHj (1+3(1 2Uj1n(2.7+(U 1) )j v==, ﬂ_H[ZﬁZj’ Ze—(

Super-elastic collisions:

For de-excitation of state j (higher energy) to state i (lower energy) having energy separation E|,

O'Ji(g):&(8+EU Jo-ji(g-i_Eif)

g\ ¢

o, (g)is the excitation cross section of state j (higher energy) from state i (lower energy)

g, 1s the degeneracy of state j.
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ELECTRON TEMPERATURE
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REVIEW: OBTAINING THE ELECTRON TEMPERATURE

ELECTRON TEMPERATURE is obtained from a power balance

d &3 Ne ORE2 BMyg 3
0 &7 kBOLTZTeneg = thle KN - DNe é_M_eg km N5 kg (Te—Tg)
élotal energy ug * E ugoower lossdue

@jensi ty of electronsﬂgpower depositi onEfQo eagtic coll isionsﬂ
-neNa ki Dg
|

@ower loss dueto
8nelastic collisions§

In principle, you can solve for T, if you know the value of E/N.

é 4 kiDeju

To=To4 2 1 5 q2 iﬁzoz_ | | IL,’l
€7 97 3kgoL1z @Mep mkZ eNe ~ ~ Km
&M o€ f

The electron temperature is elevated above the gas temperature due to heating by the
electric field. Inelastic collisions reduce temperature.

DOMINANT L OSSES of electrons and ionsin many low pressure glow dischargesis by
diffusion

ne

W = nNekion N — nekgt N + N-DNne

lonization Attachment  Diffusion
If the diffusion coefficient isindependent of position then

n ~ ~ ~ -D
ﬂ—te = ...+N+DNne = DN2ng » 7 Ne



where L =diffusion length of container

= %(L = spacingbetweenparal lel plates)

= %05 (R =radius of discharge tube)

IF DIFFUSION DOMINATES then the continuity equation is homogenous; and you cannot
solve for ngin the steady state. The electron density must be obtained from another

relationship, such as that for the current density.

in D(T
‘H_te :nek|ON(Te)N—ne—f_ﬁ) =0

fon (TN - 252 = 0

Since, however, kon and D are functions of Tg, then you can solve for Te from the
continuity equation by requiring that the source of electrons by ionization be balanced by
the loss of electrons by diffusion.

Kion (Te)N = D_(T%)

Once you solve for Te from this equation, you can solve for E/N from the energy balance
eguation.



DERIVATION OF EINSTEIN RELATION
In equilibrium, the density of particles having temperature T in an electric potential U is

U..
N:Noexpgqﬁg, q=+e

where k = Boltzmann's constant. The gradient of particles due to agradient in potential is

where the Electric field is -NU. Thetotal flux of particles at equilibrium is zero, and is
j=+mNUsN-DNN=0

NTTCI Iy
MNU N DkTNUN

~ e Depy _
iNU°Ném- Wg—o

_ kTm

D=-¢g

cm? cm?
where mis the mobility (V_-s) and D isthe diffusion coefficient — -
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DERIVATION OF AMBIPOLAR DIFFUSION COEFFICIENT AND
AMBIPOLAR ELECTRIC FIELD

Start with continuity equations for electrons and ions. This accounts for transport due only to
diffusion processes. This would be, for example, for transport of electrons and ions to the walls
in a narrow plasma tube whose length is much greater than the radius. The transport of electrons
and ions along the axis of the plasma tube due to an externally applied electric field is not
accounted for here. The ambipolar electric field included here is a self generated electric field to

keep the flux of electrons and ions to the walls equal — it is not the applied electric field along

the axis.

One 5

ot —Vele = =V (-De Vne - e EA ne) = DeVine + pe EA Ve + pe ne V-EA
ON )

2t = ~VeI1=-Ve(DrVNy+ur EA Ny =DiV'N[ - puy EA VN - pp Np V-EA
Where

Ea Ambipolar electric field (V/cm)

ne, N1 Electron, ion density (1/cm’)

e, I Electron, ion flux (l/cmz-s)

Ue , UI Electron, ion mobility (cm?/V-s)

De, Dp Electron, ion free diffusion coefficient (cmz/s)

Assuming that V « Eo = 0 then

One 5
ot T De Vene + pe EA Ve (@)
ON] 5
2t = DIVANi- prEa VNp (b)

Multiply (a) by pj, multiply (b) by pe, and add them together while assuming that ng = Np,

a5t "o Vne = VN1 and V4n, = V2N] then

Ong 5
UL 5 = u,De Vone + pp,pe EA Ve

ON] 5
Me 3¢ = Me D1 VNp- e ur EA VNI



One then obtains

é)ne — Deﬂ| + D|ILIS vzn — D vzn
ot Het 1, o

where the ambipolar diffusion coefficient is:

. o . kT ,
Using the Einstein relation D = q and assuming that pe >> py, then

D, =D,

1+ T T
H
Both electrons and ions appear to diffusion with the same coefficient, D, which includes the

effects of both their own free diffusion and the acceleration by the ambipolar electric field, Ea.

We can now solve for EA. Starting with the expressions for fluxes, subtract I'e from I'[ (noting
that I'c = I'1), and solve for Ex.

1_‘e :_Devne _:ueneEA
I, =-D,VN, + i N,E,

E _ _byvn,-D/VN, Vn, D, -D,
g HeNe + 4y N, Ne He + H,
vn, D, Vn, kgT,

ne lLle ne q

For V ~ % (A is the diffusion length), then E, ~ % KeTe :
q

For De>>DI, Ue >> UL, EAz—
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Phys. Rev Av39, 4117 (1989)

Radial distributions of charged-particle densities
and electric field strength in the positive column

A. Metze,* D. W. Ernie, and H. J. Oskam
Department of Electrical Engineering, University of Minnesota, Minneapolis, Minnesota 55455
(Received 28 October 1988)

A model is presented for the radial distribution of ion and electron densities and electric field
strength in the positive column of a dc discharge for a plasma consisting of a singly charged
positive-ion species, electrons, and neutral species. The set of equations involved consists of the
particle- and momentum-conservation equations for the ions and electrons and Poisson’s equation.
Utilizing this single set of equations and appropriate assumptions, the model has been solved,
through suitable numerical techniques, for various gas pressures p, and tube radii R. These calcula-
tions show the development of both the electric field in the “bulk” of the positive column and the
sheath field “near” the discharge wall. The results also demonstrate the existence of a nonzero
difference between the ion and electron densities at the discharge axis, with an increase in this
difference for decreasing poR. The importance of including the various terms in the momentum-
conservation equations of both the ions and electrons when solving the model has been investigated.
The model can be used to calculate the radial properties of positive-column discharges for condi-
tions ranging from the ambipolar diffusion limit to the free-diffusion limit.
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FIG. 1. Numerical calculations of the radial distributions for
the ion density n,(r), the electron density n,(r), and the net
charged-particle density An(r) in a helium discharge with
Po=35.0 Torr and R =1.0 cm (p,R =5.0 Torrcm), implying
T,=26000 K, and yielding v, =1.95X 10*s .
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FIG. 2. Numerical calculations of the radial distributions for
the electric field strength E, (r) and the resulting electric poten-
tial V(r) for the parameters given in Fig. 1 (i.e.,, poR =5.0
Torrcm). The ambipolar radial electric field E,(r) is also
shown for comparison.



DOESAMBIPOLAR DIFFUSION
VIOLATE THE DEBYE SHIELDING REQUIREMENTS?

Debye shielding states that the distance over which a charge separation Dn can be
sustained is

. 1/2 1/2
gekTed &le &
— o™'e eO
| p= é_rq » 150555, CM

where T (electron temperature) isin eV and Dn isin units of cm3. According to ambipolar
diffusion theory, plasmasin containers actually are slightly electropositive. The slight positive
space charge generates an electric field which accelerates ions out of the plasmaand “holds
back” electrons. Thisfield (in plane parallel geometries) is

KT,  a0X§
Ea = LBTetan &L o

where the separation between the platesis L. Theimplied charge separation can be obtained

from applying Poisson’s Equation N « E = eL'
o}

2
X _ @ Kl 1

dEp _gDn _ dap KTg P
éLag elLo q COSZ(pTX)

dx "~ e, ~ dxeL q

Solving for Dn we have
2
eokTe &P ¢ 1
Dn(x) = AT
) ¢ ¢€Le cosz(P—g)

Using typical values (L =2 cm, kTe=1€eV) we have

The charge separation (or depletion of negative charge) is small and increases towards the wall

where the E-field also increases. If we solve for % , the diffusion length, we get

A 2 112
1 O ®gkT, 0~ &kT, 0

. =
— = Q +. h . —_ s 0
p éc:os(lﬁ_—x),a €g°Dn(x) @ quDnoz

:IO

wherel o isthe Debye length based on Dng. So we see that the charge separation dictated by
ambipolar diffusion over the diffusion length of the container is consistent with a Debye length
of the same distance. (Remember that | p isreally based on maximum charge separation and not
maximum or total density.)



EXAMPLE: CYLINDRICAL GLOW DISCHARGE PARAMETERS

What are the electron density, electron temperature and self-sustaining electric field in alow
temperature plasma having the following properties?

j=10 —(r;nrr'?‘z , cylindrical tube 1.5 cm diameter
cm?
P=3Torr, Tg=400K, Mg=40AmMU, Dion =100 S
_ 3 _ e pDedem?
_ - 7 cm _n- 11 edcm
kn=3" 10 s Kion=3" 10 exp%Te Para De=9eV

ELECTRON TEMPERATURE (assume diffusion losses dominate):

ﬂ';F[ =0=ne-kion - NG_Eﬁlz\]_Jr 0
Ne» N*, L=ﬁ05, DA=D,§:eL %% T T,
Ng = 9.654'18(;‘:; 3Torr _ 728" 16%0m-3
3 10 e gTeVZCrSn 724" 10%cm 3
_ 100 GM* - _(2405)* & . 5

s (1L52)%cm2 &' (400/11594.2) &V &

Solvefor Teand find To=2.76 eV.

AXIAL ELECTRIC FIELD:

& q2 k|D89

_ 2 1
Te=To* 3, @%)gmekfn % " Ko 5

e@m 3 k De rznuuz
- a
%) M ﬂZkB(T T) Km @ q2




s

" 0.911" 10 %g0

'3(276- 400 )3V+3, 10'1lexp?}6)>®evg
52 :

%%40' 167 10 %gg 11594.2 37107 p
e o2
, 19 d 0911710 *kg. &, . sem?. .6 md 07
167100y e 0 Tg? & 1075 100 st

Vil 2(")
=865 102 xn? =865 102V xm?’ ?—O—sz+
c m? @

%)z 8.65" 10 'V -cm® = 8.65Td

E= %)XN =865 107 x7.2" 10%V -cm?” —1; = 6.2-L
cm cm

ELECTRON DENSITY:

2 2
j=s ‘E=q-Ne-p-E= q ><ne"qu: g X, _]

MeNp, Me ka

n, = DMy

An)

3
10° 10'3cl(cm2-s)><0.911' 10" *kg” 3" 1077 €I

-m?2 2 2
(16~ 10"%°) " 8.65° 10-17‘@5;“—@7;"3;“' 104‘3mi2

=1.23" 10"cm2
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Space-Charge-Controlled Diffusior in an Afterglow™

M. A. Gusinow and R. A. Gerber
Sandia Laboratories, Albuguerque, New Mexico 87115
(Received 15 October 1971)

Calculations of space-charge-controlled diffusion of electrons and positive ions in an iso-~
thermal afterglow are presented. In particular, the transition from electron~ion ambipolar
dififusion to free diffusion of the electrons and ions is iavestigated. The results are in qualita~
tive agreement with the experiment of Gerber, Gusicow, and Gerardo insofar as predicting the
general features of the transition from electron-ion ambipolar diffusion to free diffusion. In
addition, the results substantiate the general behavior implicitly predicted by the more elabo-
rate steady-state calculations of Allis and Rose.

For an isothermal afterglow confined within an
infinite parallel plane geometry, the equations
that are to be solved in one dimension are the con-
tinuity equations for the electrons and ions and the
Poisson equation for the self-consistent electric
field:

ap atp

2t DT TRy a (PE) 1)
N 9N 3

ot = D- 5z t .5, WE), @)
o

ox " ey (P-N), (3)

where P and V are the ion and electron densities

in particles/m? E is the magnitude of the space-
charge electric field in V/m, p and D are the rele-
vant species mobilities and diffusion coefficients,

and ¢/¢;=1.809x107® Vvm. It is pertinent to normal-
ize the above equations as follows:

L% 2
ok = 5 (00), 1)
%:s :p'zl+s #é), - 2"

€ T-'z ’ ’,
é'=z;";i‘J;(P-")dp- _ (39

Here p= (uA®/D) P, n=(uA*/D)N, s=D_/D,, 7=t/
(L%/D,), p=x/L, and A=(2/n)L, where 2L is the
spacing of the parallel plate container. The quan-
tity D/p is the ratio of the diffusion and mobility

coefficients for the electrons or ions and by the
Einstein relation is equal to 27/¢ for an isothermal
plasma. The results presented in this work are to
be compared withthose of Ref. 1. Thequantities tobe
compared are the effective diffusion coefficients of
the central electronand iondensities. InRef. 1these
diffusion coefficients are presented as a function of
NoA?p /D, while the calculations utilize a normalized
(and dimensionless)density of NyA%je/De,. Since
Refs. 1and 4 present the pertinent calculations as a
function of the former normalized density, we have
chosen to compute densities using the normalization
factor D/A%y even though this gives our densities the
units of (Vm)™!, Allcurrents will be normalized to
(D,/A2LY(kT/e). The electric field will be measured
in units of (kT/¢)/L. Notice that NpA?/D=(¢,/€)
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Floating Sheath Potential (V)
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NOTE ON NOTATION

The eectron distribution function technically has units of (VELOCITY)=3 or (eV)~3/2. Thisresults
from the normalization

Of (M d¥v =1

When thisistrandated to an energy representation, then we have

N\ 1/2 _

Of® e de =1
Differential
corresponding to d3V

where f(€) retains the normalization of (eV)~3/2. Now people will very often lump the el'2 into
the distribution function

(‘)f (e) de=1

so that f(e) =f(e) €2 which has units of (6V)~L. The units of f(€) tell you which normalization is
used. Also f(e) (ev 1) isaways zero at e = 0 whereas f(€) eV-3/2 is not (it is finite at zero)

/ f(e) ev 32

(e (ev ¥

f(e) Notation -1



f(v) vs f(v) vsf(e)

f(V) has normalization
Fodv=1,  fow)oev ¥?

When using the Spherical Harmonic Expansion, fo(v) ® fo(v) (function of speed v
instead of velocity V). The normalization is then

FoWapviy,  fo(v)e ev ¥2

where 4N 2dv is the volume element (a spherical shell in velocity space). Once we have
f(v) we can equivalently express the distribution as f(e), where

1
= 2 _
5 Mev2=¢e
1/2
B _de _ de _aleg
meV dV—de, dV— meV - (2m£):u2, V—éﬁeg
Therefore
fo(€) de = fo(v) d3v
. _ _ Apvidv  4p2
Normaizationev ™ fo(@) eV = fo(v) g = ry; el2 f4(v)
e
or
_ _ 4p/2
Normalization ev 32 fo(e) ev o2 = rsj; £,(V)
e
Boltzmann's equation =l = i =0 elasticcollisionsonlybinanenergy
efz Tt ’ @

representation is then

12 g’Ee affo(e)sd ,
Tfed3Nsm(e)e Te gy

2me § €2 € afoptl_
M e ge Nsm(e)gfo(e)+ kT@Jé '”eﬂEEI_O

where fo(€) = evt,



SPHERICAL HARMONIC EXPANSION

1.

o Ix

Expand the electron velocity distribution in a series of Legendre polynomials. Each termin
the series brings in more anisotropy

¥
f(v, 7,t) = § P, (cosq) (v, T, t)

k=0

where v isthe vector velocity and v is the speed.

.\
AVZ IlE
a qismeasured from the direction of E
usually aligned along v, . N
q %
_ I
b. fcisafunction only of [v,| =v. I
fk +n << fk !
I
c. P(cosq) isthe k™ Legendre polynomial |
| > vy
: I
Po(cosq) =1 -l sotropic component f I
Pi(cosq) = cosq -Driftin direction of Vy
field
P»(cosq) = %f (1+3cos2q) -Higher order transport
% (3cos’ q—1)

Keep only thefirst two terms
¥
f(v, T, t)=f, (v, F, )+, (v, T, t)cosq, Q fo(V)4pvidv =1

where fo is the isotropic component. Substitute into Boltzman's equation with
qE

E=Ez a:m— (See Appendix A of Cherrington.)
Mo  vIf, 9,11 20
Mo v, 95,11 2 -

& G 3T M. 3y 5 (0)=5;
i, T 9 Tif _

VR M T



_2k+1 f
= “Ap ﬁk@%)dw

3. Elastic collisions only:

Forj‘l]%t 0, %:O,andelasticcollisionsonly.

Solve for S; from b. and substitute into a.

_ _9E; Tfo
17 menp, v

Note that f; isfinite (e.g., anisotropic) only for E [D.

_1J]_2QEﬂf_lj]_2 gﬂo
VIIvE mon, vz 22 v dm(;m ‘HVJrf

&IO

Note: fo(€) = 4p~/2f,(v)e"ImY?, v g%e
e

de de
dv = =
\Y mov (2mee)l/2

In energy representation

q°E2e aqh‘ 00 2m

& &

ﬂf

In velocity representation, solve for

'nf _&m, 1 1 Ezg
kT é 3ckT n me B
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DRIFT VELOCITY FROM BOLTZMANN'S EQUATION

AV,

From the two-term spherical harmonic
expansion A

mi

f(V) =fo(v) +f1(v) cosq

<l

\¥ \p .
Q Qfo(v)vazsmq dgadv =1 q

gE T (v)
M N, v) v

fy(v)=

Drift velocity for E = EZ isv,.

Vy
Vy

\¥ \p 2
vy =(v,) =(vcosq) = Q Q(fo(v) +f,(v) cosq)vcosq 2pv®sing dq dv

Since fp isisotropic, c‘jo cosqg dW integrates to zero.

¥ p
Vg = (‘9 Q£m2pv3coszq sing dg dv

mn,, v
v=g 22 g o e =ne
where the mobility m= g» 3—4& 6% nml(v)v3dV§
If ny(Vv) = constant, then
m= m:]nm g(‘;;' %pﬂﬂ_f\(; Vsd"gz m,?nm

where the brackets integrate to 1.



DiFFUSION FLUX AND COEFFICIENT FROM BOLTZMANN'S EQUATION

From the two-term spherical harmonic expansion,

Tty o9&, Tho

ETAK A R VL
where c‘jOvazsinq dg =n,, the average electron density.
Set % 0 and E = 0 (only “thermal motion”)
Ty _ _-v i
Y 7o n.fy, f, = N Tz

¥ P
Thediffusion flux in the z direction is G, = ngv, =g < v cos ¢ > = Q (:)vz(fO +f, cosq) d’v.

Since c‘jo cosqg dW integrates to zero, then

I
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2

ﬂ('l?t\/) =- N—nf nvn,, =0
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where we assume T = constant and the diffusion coefficient D = nl1<_rT (also called the Einstein
m

relation).

So we see that obtaining the conventional expression for diffusion flux as described by Ficks
Law requires as a minimum that temperature T not be a function of position. However to go
from our expression for G, to Ficks Law we must also assume the np,(v) = constant and the fo(Vv)
isaMaxwellian. We then have

_. L ASYA e aq M 1 9 [okT
= n. ﬂ28Q3pV2fov dVH_ N,z m
—. KT In__pin

mn,,, 1z 1z
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ANALYSISOF THE CATHODE FALL OF A NORMAL GLOW

/ cathode
I

jo = current density of ions at
cathode (A/cm?)

joe = current density of € sat
cathode (A/cm?)

Vo = voltage drop across cathode
fall

d = thickness of cathode fall
(cm)

Assume ne << N; and the N, @constant in the cathode fall. Poisson’ s equation becomes

r N, -n N i
fE_T _ a(N, e) LTI [ constant
x € € € €V

h=0%gift XN; sothat  Njp=——

Integrating, E(x) = Eo(l- g) E, iselectric field at the cathode where E, >> E in positive
d
column. The cathode fall voltagedropisv, = Q E, é T’;}
X2 0 - Eod

e -
V(X) =-Egéx- =% Vo= , Ep= 2V
& 2 2 d

lons striking the cathode produce electrons by secondary emission with probability g The
secondary electrons are accel erated back into the plasma producing ionizations in the dark space
with Townsend coefficient a.

Jo = Jotjoe = jot+tda = (1+0)jo

Withjo = gNwv,,  vi = WEo,



) )
{E _Ey _ON _&E - x,E 0 :eomEo
heo - d & NMTag P JaTPEdqg M5 T

Thetotal current density isthen

2 2
. . egmE 1+ g)degmV,
jo =@+ g =@+ gL 0 - (1 9)4emVg

d a3
Define je = electron current at edge of dark space
Dark
Cathode Space Negative Glow

«———  —F—i

Joe = Jo o
Je>>JI
€C——jo €T
Sinceje >> |, then
jO:j0e+jOI:je+jl»je’ j0|:jo' jOe»je_jOe

But j0e = 90| = g(jo - jOe) » g(je - jOe)

. &g 0
Joe » Eg+1g e

The electron current from the cathode through the dark space is amplified by electron impact
ionization

g—i =j-a(x), a=First Townsend Coefficient

o me 0
jo = Joo @XPELRON S

d )
= lo.epg0a (i 00}



. ®g b ®gd & 0
Wlth JOe » 89 +151e » 8ﬁ_EJOe exp %@(X)dxa

® 10_ ¢ £
In81+ Er’a' (;)a(:z\l (x))ix

where E(x) = Eo&- X8 E,=22Y0
¢ dg

d
From empirical data,
& Bp 0
a=hperiE
_ _ 1 _ Vv
p = pressure (Torr), A= o Tor B= onTorr
® 10 J % _Bp 0
So, INCL+ =+ = AP eXpg—F— = LdX
TR N

The integral can be solved analytically

+£g:éA(pd) BUae2Vy 0

In =
95 & Vo {e(pd)Bp

where  S(x) = Qxe_lydy = xe'é - E, e) E, = Exponential Integral.

We can now solvefor Vg intermsof d. A second relationship betweenvpand dis

_ 4eqVEm (1+g)
0~ d3

We could in principle solve for two of jo, Vo and d as afunction of the third. Up to now, thereis
nothing unique to the normal glow.

Define two functions

2A _ ni+3)
snfi) P eABRAPMIATO




: 1/3)
1= (CVo)™® Vo0

where —x U
(C2i0)”® &Colos U

Note: Since m ~ nl ~ % , then py, is a constant.
|

If po isthe mobility at pressure po, | = Mo %l :

Plot all points satisfying relationship

C1 Vo

MinimumV o, jo ID Normal Glow

Czlo
Minimum occursat: Ci Vyorwar = 6.0
Cz jn = 067
which yields
3B 16, ,
Viorma = Kln +6; function of gas, metal but not pressure
4]

j=foer 0] ABZf:‘g’f_flfg) :
9




where A° 1 Bo v o A

: J
cm- Torr cm- Torr ™" gm?2

o cm?
V-s

p° Torr, m isthe mobility at po

Note that j, ~ [function of gas type, metal] - p* ~ p

& 10
Combineto find dp= OAﬁ Ingl +é5 © function gas type and metal
Typica values are Vp» 100-300V, dyp» 0.25-2.5 Torr-cm
Jn 05— MA
27 ” 0.005 - 05—~
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Values of the coefficients A and B in (7.11) for various'gases

1 |4

Gas 4 cm mm Hg B cm mm Hg Range of validity X|p
N, 12 342 100-600

H, 54 139 20-1000

Air 15 365 100-800

CO, 20 466 500-1000

H,0 13 290 150-1000

A 12 180 100-600

He 3 34 (25) 20-150 (3-10)
Hg 20 370 200-600

1l mm Hg = 1 Torr, X/p =

E/p = V/em-Torr

A. von Engle
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J. Cobine



Cathode fall of potential V, in volts (17, 28a, 162)

Gus: ' He

Cuathode: Ne A H, N, Adr Hg Gas
Cu. 177 220 130 214 208 375 450 | CO: 484,
: CO,: 460
Zn. 143 119 ‘184 216 280 0O,: 354,
CO: 480
Hg 143 .. .. 337 226 . 340 ..
Al. 140 120 100 170 180 230 245 | Cl,: 280,
0,: 310
C . .. .. .. 280 424 475 | CO: 525
Mo 109 107 103 ..
Ww. .. 125 . .. .. .. 305 ..
Fe. 150 150 165 250 215 270 300 | O,: 290,
Xe: 306,
K: 80,
Cs: 340
Ni. 160 140 130 271 200 226 275 ..
Pt. 165 152 130 276 216 277 O,: 364,
‘ 1 Cly: 275
K . 60 68 64 94 170 180 K: 80
Glass 260 310

Reduced thickness of cathode dark space d,,p tn cm mm Hg (17, 162)

Cathode:  Gas: He Ne A H, N, Azr Hg Gas
Cu. .. .. 0-8 .. 0-23 0-6 ..
Mg 1-45 0-85 061 0-35 0,: 023
He .. .. .. 0-9 .. - .. ..
Al . 1-32 0-64 0-29 672 6-31 0-25 033 | 0,: 024
c . .. . .. 0-9 .. .. 0-69 ..
Fe. 13 0-72 0-33 09 0-42 0-52 0-34 | O,: 0-31,
Xe: 023
Glass 08 0-3

- Reduced normal current density j,/p? in 10~ 4/cm? (mm Hg)? (17, 162)

Cathode: Gas: | He Ne A H, N, Air Hg Gas
Cu. 64 240 15
Au .. .. . 110 570
Mg 3 5 20 .. .. ..
Al. .. .. .. 90 .. 330 4 ..
Fe, Ni 2 6 160 72 400 8 Kr: 43,

, Xe: 16
Pt . 5 18 150 90 380 550
Glass ~ 80 ~ 40

A. von Engle



PHYSICAL REVIEW A VOLUME 38, NUMBER 5 SEPTEMBER 1, 1988

Laser optogalvanic and fluorescence studies of the cathode region of a glow discharge

E. A. Den Hartog, D. A. Doughty, and J. E. Lawler
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706
(Received 15 December 1987; revised manuscript received 4 April 1988)

Various laser diagnostics are used to study the cathode-fall and negative-glow regions of a He
glow discharge with a cold Al cathode. The electric field and absolute metastable densities are
mapped and the gas temperature is measured over a range of current densities from a near-normal
(173 V) to a highly abnormal (600 V) cathode fall. These measurements are analyzed to yield the
current balance at the cathode surface, the ionization rate in the cathode-fall region, and the meta-
stable production rate in the cathode-fall and negative-glow regions. The experimental results com-
pare favorably with the resuits of Monte Carlo simulations. The density and temperature of the

low-energy electron gas in the negative glow is determined by combining information from the ex-
periments and Monte Carlo simulations.

3.0 .
Helium Discharge

1.50 mA/cm? Pressure: 3.5 Torr

2.0

Electrode Separation: 0.62 cm

1.0

ELECTRIC FIELD (kV/cm)

1 1 | |
o 0.1 0.2 . 0.3 0.4 0.5 0.6

DISTANCE FROM CATHODE (cm)

FIG. 4. Electric field as a function of distance from the cathode for five current densities, all at 3.50 Torr. The lines are linear-
least-squares fits to the data. The anode corresponds to the right-hand side of the figure.
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TABLE 8.6.~—~CONSTANTS FOR THE ASTON ABNORMAL-GLOW LQUATIONS FOKR
ArumINuM CATHODE*

Gas A B E F X101
Airoo.oooooo 6.5 0.42 255 23.0
Argon.............. ... ..., 5.4 0.34 240 29.4
Carbon monoxide............ . . ... 10.0 0.42 255 41.5
Helium.......................... 36.0 0.49 255 100.0
Hydrogen........................ 26.5 0.43 144 57.3
Nitrogen...................... ... 6.8 0.40 230 23.6
Oxygen........................ .. 5.7 0.49 290 17.6

Current density in 10-1 ma./sq. cm. Dark space in centimeters. Gas preasure in 10-*
mm. Hg.

*J. J. Thomson and G. P. Tuomson, “‘Conduction of Electricity through Gases,” Vol.
2, p. 424,

A B U —\/3 d = A BF
- + 3 Van =K T Plan = + Van — E
P V3 Vo = E

J. Cobine
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1 W Operation of Singly lonized Sllver and
Copper Lasers |

B. E. WARNER, D. C. GERSTENBERGER, R. D. REID, J. R. McNEIL, R. SOLANKI, K. B. PERSSON, AND

G. J. COLLINS
GAS INLET .
COPPER
. TRAP W
tinuous high-power operation of the hollow cathode discharge are also /

N
\V
discussed. § W\ a@ N
. -1 -y p+ - -
. . N\ W Z\ {3 \NZ

- PYREX

ONTINUOUS wave laser oscillation has been obtained in DISCHARGE TuBe ten—f] .
several nonvolatile metal vapors at numerous wavelengths = : '

age . }\ro PUMP—)

between 224.3 and 840.4 nm, utilizing the hollow cathode dis-

charge as the laser medium [1]-[8]. The laser tube employed

in most of these investigations has been a Schuebel type slotted

hollow cathode [9]. This design is simple to construct and ///;,9«;90957/////

reliable in pulsed operation. A cross section of the slotted %

hollow cathode laser employed in the metal vapor studies is 7

seen in Fig. 1(a). The cathode consists of a 50 cm, 99.99 per-
/7

©

Fig. 1. High power hollow cathode laser designs. (a) Slotted hollow
cathode, cross-sectional view; (b) coaxial hollow cathode, longltudmal
section view; (c) rectangular hollow cathode, cross-sectional view.

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-14, NO. 8, AUGUST 1978

Abstract—We report a multiline output power of 1 W from the 800. 4,
825.5, and 840.4 nm Ag I transitions and 350 mW from the 408.6 nm
Ag II transition resulting from pulsed operation of a silver hollow cathode )
laser. Continuousoutputof 1 W was obtainedin a copper hollow cathode / N

from the 780.8 nm Cu Il transition. Design considerations for con- - SLOT 20m = Grom

N
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e
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Operating Conditions of the Slotted Hollow Cathode
UV Cu” Laser

BODO AUSCHWITZ, HANS J. EICHLER, anD WOLFRAM WITTWER

Abstract—The performance of the UV Cu” laser in a slotted hollow
cathode has been investigated experimentally. The laser power de-
pendent on discharge current, neon pressure, cathode length, and laser
mirror transmission has been measured. The optimum neon pressure
was found to be 13 mbar. Single-pass gains about 8 percent-m™!
have been evaluated. The observed changes in the slot shape by sputter-
ing during 100 'h of operation are briefly discussed. The experimental
results are compared to a recent sputtering theory and reasonable
agreement is found. The sputtering theory, the spontaneous intensity
measurements, and the evaluated gains are used to calculate the number
densities of the 55 Cu” levels. Laser power is calculated from single-
pass gains and agreement with experimental results is obtained.

Cathode

Laser axis

Anode

Fig. 1. Discharge arrangement,



Operating Characteristics of UV and IR Hollow-
Cathode Silver, Gold and Copper Ion Lasers*

K. Jain
IBM Research Laboratory, San Jose, CA 95193, USA

S. A Ne‘\'avton*v* ,
Edward L. Ginzton Laboratory, Stanford University, Stanford, CA 94305, USA

Received 2 March 1981/Accepted 10 April 1981

Abstract. Operating characteristics of silver, gold and copper vapor hollow-cathode lasers
are presented. Dependence of the output power, gain and threshold current on the cathode
length, composition of the buffer gas, and mirror transmission is described. Studies of
multicomponent hollow cathodes which produce laser lines of several elements simul-
taneously are also presented.

Hollow Cathode

2 mm., . /Siegments Anode
6mm'L = =y Egsg Rail =
Cooling Water
0
)

Fig. 3. Segmented slot hollow cathode, The total hollow cathode

length is varied by placing segments of various lengths on the base
rail

~

2mMmoe] e

4
Hollow’E—
Cathode e} f

[~
— Cooling

5mm (b)

(c)

Fig. 62}—{:. Various anode-cathode structures : (a) slotted and segmen-
ted hollow cathode with a circular mesh anodc; (b) a flute cathode:
(c) same as (a), except with a solid tubular anode
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Fic. 121. Hollow cathode glow discharge. Reduced current density j/j, as a
function of the reduced inter-cathode distance ap for various gases and cathode
falls ¥, using plane Fe cathodes (167).

A. von Engel, "Ionized Gases", p. 237



Analysis of a Cu—Ne hollow cathode glow discharge at

intermediate currents J. Phys. D: Appl. Phys., 17 (1984) 953-968.

E M van Veldhuizen and F J de Hoog

Physics Department, University of Technology, P.O. Box 513, 5600 MB Eindhoven, The
Netherlands

Figure 1. Sketch of the hollow cathode: 1, cathode made out of OHFC-copper; 2, anodes;
3, quartz viewing ports; 4, quartz insulating tubes; 5, cooling water. ‘
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Figure 6. Measured copper ground state densities obtained with self-absorption at different

pressures: (a) 260 Pa; (b) 650 Pa; (c) 1040 Pa; and currents: A 0.1 A; B 0.2 A;C04A;D
0.6 A;E1.0A.
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Figure 7. Densities of excited states obtained with laser light absorption, (a) 3s [3/2],
(metastable) and (b): 3p [5/2]; at different pressures: (i) 260 Pa; (ii) 650 Pa; (iii) 1040 Pa;
and currents: A0.1A;B0.2A;C0.3A;D04A;E05A;F0.6 A;GO08A;andH1.0A.
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The key issues for KrF are being addressed with
the Electra and Nike Lasers at NRL

Electra:

> 400 J laser light

500 keV/100 kA/100 nsec
5 Hz; 100,000 shots (5 Hrs)

Develop technologies for:
Rep-Rate,
Durability,
Efficiency,
Cost

Nike:

3-5 kJ laser light

750 keV, 500 kA, 240 nsec
single shot

E-beam physics on full scale diode
Laser-target physics
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Fig. 8. Assembly drawing of the LAM. Shown are the laser chamber, the output window_, the guide_ magnets, the water
dielectric PFLs, and the e-gun assembly. This amplifier is representative of the amplxﬁcrs usgd in the Aurora chain.
It is symmetrical in that it uses two sets of PFLs and two e guns in a double-sided pumping arrangement.
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Fig. 10. Sample Monte Carlo method calculations3¢ for
the e-beam-energy deposition profile in the LAM
laser gas plotted as a function of horizontal dis-
tance along the e-beam centerline with electron
energy as a parameter. Electron beams are injected
from both the right and left, resulting in a uniform
energy deposition profile across the laser aperture
for an optimum electron energy of ~675 keV.
Similar calculations done with an imposed mag-
netic guide field show improvements in the depo-
sition at the vertical edges of the e beam. The gas
mixture is 4% krypton, 95.5% argon, and 0.5%
F, at a total pressure of 1.75 atm, and the foils
are 50-um (2-mil)-thick titanium.



Rosocha and Riepe

e-BEAM PUMP SOURCES

M&Lo SHAPER J)’

WATER
LINE

SWITCH
TRIGGER
INPUT

VIEWPORTS
i qu, é?'

SECONDARY SCREEN K
ANODE SCREEN

INSULATORS

N

Q00 —

—__/

44

<X
CENTER
CONDUCTOR
/L il
GRADING " hMAA
TORUS
1 [
BUSHING—] | CATHODE-
CORONA
STRUCTURE

1 N

ANODE CURRENT
| MONITOR

e=— FOIL

| CARBON
FELT

LASER
GAS

J-l DIODE VACUUM CHAMBER

LAM HIBACH!
{ALL DIMENSIONS IN CENTIMETRES) 3.6
C dC Yy C pY g:_L:F:—_'
o 238 |e ol
v 2414 0.32
103.1
27 OPENINGS
C )
1 1t
e e e L
2.54 1.27 3.81 1.27 2.54
ft————————— 107.8 —————————

LASER CHAMBER

Rosocha and Riepe e-BEAM P “» SOURCES

= MAGNET COILS ————=

|’/——ANODE SCREENS — '

\iEih
W\ \=

[ ]
|
_f'

Rl

—_ ]

[T

WAL

LASER CHAMBER
CATHODES

Fig. 19. An illustration that shows the relative positions of
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lines are tilted slightly at the cathode faces.

Fig. 21. The slot pattern for the LAM hibachis. Each LAM
e gun uses two of these foil support structures
placed side by side. The long dimension of the
hibachi slots is oriented along the optical axis
(horizontal slots).
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A. E. 8. GrReEN and T. SAWADA A. E. S. GReeN and T. SawapaA

Table 1. A(E), I'(E) and T',(E) for He, N, and 0,* t 10"
[ | L LR 'l v F T T T 1717 l[ ¥ =
) 3 A 2000 .
VL 4 r To :\"ﬂ&- x4 0 1000 ~
- \ % 500 .
He (I = 245 6V) \\ o 300 .
50 0-0331 145 —109 - x2 x 200 ~
100 0-0787 10-1 —13-8 \\ e 100 (2xS(ET)
200 0-0275 13-2 — 430 + 50 (4xSENA
300 0-0175 143 — 219 1
500 0-0141 14-2 — 385 162 _
1000 0-00530 16-3 — 257 : s .
2000 0-00355 16-2 — 511 & ]
N, (I = 156 oV) ) -
50 0-148 206 —~10-7 e .
100 0-177 12-8 —0-517 c
200 0-116 11-9 2-54 ui -1
300 0-0867 125 240 2] 1
500 0-0636 126 2.28 & ]
1000 0-0312 14-1 3-35 3
2000 0-0180 13-8 3-03 .
0, (I = 12-16V) B
50 0-581 11-9 —20-7
100 0411 13-9 —16-3
200 0-126 16-7 — 219
300 0-0836 16-9 — 0-519
500 0-0698 17-3 — 0-295 164
1000 0-0289 19-2 0-938 -
2000 0-0196 19-2 0-460 - A
_ v SR REET S N SRR 7
* A(E) is in units of 10~ cm?/eV, T'(E) and T(E) 2 5 bz 50 100
are in eV. L. . Tiev)
t These values are obtained by fitting Orax e al. Fig. 1. Differential ionization cross section, S(E, T), for He at various energies
(1971) data using equation (4) with x = 1. as indicated. Data points are selected frorn the data of OraL et «l. (1971), and the

fits using equation (4) with x = 1 are shown by the curves.



W Values

A “W” value is the energy deposition in a gas required to produce “an event” such as
ionization or excitation. A large W-value implies that the process is less efficient than one with a
small W-value because more energy is required to produce the event. The W-value is used to
denote, for example, the rate of ionization or excitation in electron beam pumped plasmas. The
rate of ionization is

w
P
dle] (cm3 j ionizations

dt w(J[orev])) em’—s

where P is the power deposition in the plasma.

In general, for power deposition by high energy electron beams [V(e-beam) > 5-10 kV]
the W-value is fairly constant and scales as

w.

ionization

W

excitation

~ 1.8 — 2 x ionization potential
=~2x W

ionization

Since W,

ionization
than excitations. This results from the energy degradation being monotonically from higher
energies to lower energies where ionization cross sections are larger. For high energy beams
slowing in rare gases,

<w

excitation

one gets more ionizations in the slowing of a high energy electron beam

Ionization Wionization W excitation Ionization / “G-value”
Potential (eV) (eV) Excitation (Ionizations for 100
(eV) eV of deposited
energy)
He 24.6 46.8 72.0 1.54 3.53
Ne 20.1 36.5 81.8 2.24 3.96
Ar 15.8 27.3 53.8 1.97 5.52
Kr 14.0 23.6 44.5 1.89 6.48
Xe 12.1 20.9 34.8 1.67 7.66

In a gas discharges, electrons are being accelerated from lower energies to higher
energies, and so encounter excitation cross sections before ionization cross sections. The rates of
excitation are therefore larger than for ionization. For example, for a gas discharge in xenon,

E/N (Td) Ionization /
Excitation
50 0.014
100 0.08
150 0.16
200 0.22
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FIG. 9. The time dependence of electron collisions following a 500 keV
electron beam pulse (5-ns FWHM) in an Ar/Kr/F, = 90/10/0.25 mix-

ture. (top) Ionization and attachment events in a 1-atm mixture. Attach- .

ment cross sections are important only for € < 2 eV. Since thermalization is
slow once electrons fall below the electronic thresholds of the buffer gas,
there is a disparity in time between when ionizations and attachments oc-
cur. (bottom) Ionization events at pressures of 1, 2, and 6 atm. The e-beam

response time at 6 atm is sufficiently small that ionizations track the e-beam

current.
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FIG. 6. The electron spectrum as a function of energy and time (eV ™' s™')
for a 500-keV e-beam pulse (5-ns FWHM) slowing in a I-atm Ar/Kr/
F, = 90/10/0.25 mixture; (a) 0<€<200eV, and (b) 0<e<30eV. The time
dependence of the e-beam pulse is at the bottom right in each figure. The e-
beam response time for these conditions is ~20 ns. Note the transition to
thermalization at 20-30 ns.
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ETCHING SOURCE : SELECTIVE
SPECIES GAS ADDITIVE MATERIALS  MECHANISM OVER
CF, 0,
C,Fg O,
SFg O, . . SiO,
F NF3 None Si Chemical Resist
ClF4 None
F, None
CF, Ho '
CF,-film C,Fg H, SiO,/SigNy lon-energetic Si
CHF3 None or 0,
Cl, None undoped Si lon-energetic
Cl ' SiO
Cly C,Fg ) . R 2
CF4Cl None n-type Si lon-Inhibitor
BCl; Al Resist
Cl Cla CCly lon-inhibitor SiO,
CHCl;

Ref.: D. Flamm, "Plasma Etching: An Introduction”




FIGURE 1.1

Basic ways of exciting RF discharges: (a) inductive discharge; (b)—(e) capacitive

discharges with (b) plane naked electrodes, (c) coated electrodes, (d) external electrodes,

and (e) with the earth as the other ‘electrode’ (torch single-electrode discharge).

_725_ Jj=0 wt=0
<—_—-
n “
: 2
T : T/\
—
T Vl l - \ yi
3n
3n
7 j=0 /> 2
FI(-"IRE 1.5

Fie_nd potential distributions in the gap between plane electrodes for the n4 and ne
distributions of Figure 1.4. Arrows indicate the direction of current J and field E. The
left-hand electrode is grounded.
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Electron Heating Mechanisms in Helium rf Glow Discharges: A Self-Consistent Kinetic Calculation

T. J. Sommerer, @ W, N, G. Hilchcon,(b> and J. E. Lawler ®

University of Wisconsin, Madison, Wisconsin 53706
(Received 22 August 1989)
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FIG. 2. The applied potential, discharge current, electric
(c) field at the z =0 electrode, and bulk electric field (z =d/2) of

the benchmark discharge over one rf cycle T.

FIG. 1. Benchmark run: (a) electric field E(z,7), (b) pri-
mary ionization rate per unit volume S(z,7), and (¢) power
deposition into the electrons P(z,1) = —n.|e| E.(v.), over one
rf cycle T=7.375x10"% 5. The heavy portions of the z=0
and z =4 cm lines indicate parts of the rf cycle where the cor-
responding electrode is cathodic.
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FIG. 2. Illustrative figure to show the relationship between the 100-kHz
energy distribution in Fig. 1 and the plasma potential V,(t)

100 kHz 13.56 MHz
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FIG. 1. Energy distributions of jons extracted through the ground plane of a
planar diode rf glow discharge system with 100-kHz and 13.56-MH2z excita-
tion frequencies. Argon pressure = 50 mTorr. ‘

K. Kohler, J. Appl. Phys. 58, 3350 (1985)



RF V- SYMMETRIC
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RF V- ASSYMMETRIC-NO DC BIAS

| (amps
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RF V- ASSYMMETRIC-WITH DC BIAS
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chris M. Horwitz: Rf sputtering-voltage division

GEOMETRIC AREA RATIO (A,/Ap)—»
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F1G. 12. Dependence of bias voltage ratio on electrode area ratio for two
values of ¥, and several gases in a stainless steel system. Points were cho-

sen at pressures which yield a maximum of ¥, for each area ratio. For Ar,

the pressure range was 0.6 to 3 Pa. The upper horizontal axis is the geomet-
ric area ratio; the lower axis 1s the “corrected” area ratio which would be
seen by a discharge with a chamber 1.2 cm shorter in height.

C. Horwitz, JVST A 1, 60 (1983)
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' FIG. 6. Total IED of argon plasmas at ¥, = 130. All graphs have been
normalized so that the area under the curves are equal. (a) P = 10 mTorr.
(b) P= 50 mTorr. (c) P= 500 mTorr.

Liu, et. al., J. Appl. Phys. 10/15/90
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B. Simple Power Balance M odel for RF Discharges

1. AssumeVgheqhs™ Vpulk- We control jg, w, dimensions
2. Power deposition is by

Electron heating in the bulk

lon bombardment of electrodes

Secondary electron emission with acceleration back into the plasma
Stochastic heating

oo oo

Roulk
H> H AN H It
_ANV\_ _r\/\N\_

Ri on, electron

| Time Average
V =VReShwt —a «
l=j-A I VRF/2

] =Jo coswt

Q/e

>

J
v
A
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4. Bulk electron heating: Pg (Watts)

\ - \%20 ..
= € > xdV = +xdV 1k, S = conductivit
Fs = O 1€ >rvs *dVpuik ogg o Wouik y

5. lon acceleration: P

a Assume that there is no recombination or attachment in the bulk plasma. (ng=n)
b. Every ion produced in the bulk islost to the electrodes.
c. lonsenter the sheath with the Bohm speed.

Ne Xion Ngas) *dViik :'Q\eath N} XUohm A gfectrodes

_ 22\ oKTe 6
PI—nI'UBohm'W'h'é%"' 2e8'2

Where the first term is the ion acceleration in the sheath, the second term is the Bohm speed
contribution, and the last “2” isfor 2 electrodes.

6. Secondary Electron Power: Pg

For every ion striking the electrode we get g el ectrons which accel erate back into the plasma.

_ . JVREO
Pe=0a=> 45 M Ugohm W h-2

where the last “2" isfor two el ectrodes.
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7. Stochastic electron heating: Pg

a. Electrons are accelerating by advancing sheath in the same manner as an elastic collision
of aball from a piston.

b. Usheath (piston)
(—

Uincident

Ureflected
«—

Urefl = —Uinc + 2Usheath

The power into the electrons for 2 sheathsis then

F 1
P = ZQ Eme(u?eﬂ - Uiznc) >‘(Uinc' ush) Nef (Ujnc) *dUjne >Xw>h

¥ energy gain rate of collision

N 2
= ‘Z’Qmersh Ugh (Uinc = Usn ) Nef (Uinc) dUjnc w>h
Assume that Ughegh = Ug SIN WE and integrate over time

2 ¥
Ps» 2 - 2mdie Ug Qsh Uinc f(Uinc) dUjnc w >h

Since ug, << <Ujnc>, then set lower limit to zero. Note that

1
>

¥
Q Uinef (Uine) dUjne = L

]

2
MaNa U
PSZZ.%OVth.W.h



The conduction current in the bulk plasma must equal the rate at which the electrons are

swept out by the sheath, so

Jo=Q-Nng-Ug

8. Thetota power deposition isthen:

Pota = Foulk *Pe-sec *Fon * Rtochastic

:—%j gm—ﬂ xh >
eqne

+2Xg XuBohm Eﬂ] RF (1+ g+ —=

MeVih .
+—10 iFhow

g nNe

kTe

0><h>w

9. To complete the analysis, we need a relationship between Vg and jg, neand T

VRF

If we assume that the majority of the applied voltage is across the sheaths,

then on the average

\dS
VRF » Q Exdx = -

2
gne g
2ey

<« ds—>
N|

|

119b
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Since the capacitive current through the sheath is

dVRF C.= W><h>e0

=G+ T g
. _ e jod
then o= ECS) VReW,  Vgg= 6073

12 :
_&VRrreos  _ 2o

@ One @ wQne then

Since dg

1/2 .2
Vor =i @VRFeob 1 V. — 2]0
RF JO é qne [} eow’ RF quWZne

Te  Theelectron temperature comes from the ion balance:

ne'klon'Ngas'IB'W'h:nl'uB'W'h'2

12
aKT g
Kion (Te) - Ngas - g = Ugohm - 2= éM_Ieg ‘2

Ne The electron density is obtained by equating all sources of electron heating to the
power dissipation

(Power into €'s) = & (elastic + inelastic losses)

Bm 3 o 0
Pg + P+ Pr=nNg gwe 5 Kpoltkmom(Te- Tg) + @ Deik|;' lg-w-h
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EXAMPLE: Argon RF discharge, 100 m Torr
w=2p-13.56 MHz
A
jo= 25 , L=5cm, g=0.05

3
1/2 ﬁﬁeV o165 cm” B
Kion » 108 Te Te +:I_gexpe T o - De= 16 eV
3
. 1/2 a8.2eV e 12y cm a
Kexc » 2 10‘8Te & T +:|_0 pe_l_ 8 < De=12 eV
3

m
Kmom » 5~ 108 CT
Te If we approximatelg =L —2dg» L, then

aé(Tedllz

Kion * Ngas Ig » Upohm * 2= a1’ 2> Kion * Nas* L
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Vrf (V)

Radio Frequency Discharge Example

Gas: Argon
Pressure: 100 mTorr
Electrode Separation: 5 cm
Electrode Radius: 10 cm

Secondary Electron
Emission Coefficient: 0.1

Frequency: 13.56 MHz
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. i
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Rf discharge_fig1
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TYPICAL PLASMA PROCESSING REACTOR

e The typical low pressue (< 10s - 100s mTorr) plasma processing reactor is
powered by inductive and capactive coupling, and my have auxiliary static
magnetic fields.

25
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e
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b :_/ B :
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0 i | i 1 ] | T ———
-20 =10 0 10 20
RADIUS (cm)

UNIVERSITY OF ILLINOIS
OPTICAL AND DISCHARGE PHYSICS
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APPLIED MATERIALS DECOUPLED PLASMA SOURCE (DPS)
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PHYSICS 10 BE ADDRESSED

AMATET_0500_07
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WALK THROUGH: Ar/Cl, ICP TOOL

The general properties of an Ar/Cl, inductively coupled plasma tool will be

examined.
- COILS l

25

The inductively coupled
electromagnetic fields have
a skin depth of 3-4 cm. 29

Absorption of the fields

- g1s
produces power deposition =
in the plasma. =
10 ‘GAS
T INJECTION =

Electric Field (max = 6.3
V/cm)

8 RCUS
Ar/Cl, = 80/20
SUBSTRATE
20 mTorr 0 -
1000 W ICP 0 10 20

RADI
250 V bias, 2 MHz (260 W) .

University of lllinois
Optical and Discharge Physics

AMATET_0500_09



Ar/Cl, ICP TOOL: POWER AND ELECTRON TEMPERATURE

Power deposition from the inductive fields results in electron heating.
At 2 MHz, power from the capacitive fields produces ion acceleration with
0 10 20 0 10 20

little electron heating.
RADIUS (cm) RADIUS (cm)

25 | 25 |
Power Deposition (max = 0.91 W/cm?®) Electron Temperature (max =5 eV)

20 20

-y
(41}

HEIGHT (cm)
HEIGHT (cm)

Ar/Cl, = 80/20, 20 mTorr, 1000 W ICP, 250 V , 2 MHz bias (260 W)

University of lllinois
Optical and Discharge Physics
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Ar/Cl, ICP TOOL: IONIZATION

Electron impact ionization by the bulk electrons heated by the inductively
coupled fields dominates.

lonization by sheath accelerated beam electrons is less important due to
their long mean-free-paths at the low operating pressure.

25 |

25 |

ha
[=1

HEIGHT (cm)
HEIGHT (cm)
= s

0 10 20 0 10 20
RADIUS (cm) RADIUS (cm)

Beam ionization (max = 1.3 x 10** /cm?®-s) Bulk ionization (max = 5.4 x 10*° /cm?®-s)
Ar/Cl, = 80/20, 20 mTorr, 1000 W ICP, 250 V , 2 MHz bias (260 W)

University of lllinois
Optical and Discharge Physics
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Ar/Cl, ICP TOOL: POSITIVE ION DENSITY

The diffusion of plasma from the remote sources produces a fairly
uniform positive ion density in the vicinity of the substrate.

In general, better uniformity is obtained with a bias than without.

25

20

Positive lon Density
(max = 1.8 x 10*! /Jcm?>-s)

s
o

HEIGHT (cm)
=

0 10 20
RADIUS (cm)

Ar/Cl, = 80/20, 20 mTorr, 1000 W ICP, 250 V , 2 MHz bias (260 W)

University of lllinois
Optical and Discharge Physics
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ECR ZONE

Ar, 0.2 mTorr
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Microwave

kdicrowwave is radiated into the plasma
and eleu_:tru:una can be heated resonantly
when microwave frequency equals the
cyclotron frequency, they have high
Ozgas energy level in this reqion at the same time.

= lons in the plasma. are further ionized up to
Magnetic higher charge states through successive
collisions with electrons

' ' il ;;. ECR plasma ion density > 10* c?
A. SAWLY - %
M source
Ar gas
ca CH — Substrate
o I
RO cn HF —

| (-)DC bias '

http://www.epon.co.kr/

IRIS (lon Source for Radioactive Sotopes)

Alurninum
_ Plasma Chamber

Microwave
————————————————————————————— : 3 Fesd (6.4 GHz)

Einzel Lens -
Injection

Region

Injection
Magnet

http://ecrgroup.lbl.gov/




VASIMR Laboratory Experiment

Magnetic Nozzle-
croabes & direched plasma fhiow

ICAH Antenna-
heals plasma (o mary
milliora ol degrees Kshin

Magret Coils-
generate a field that confines
The iorezed plasma
Helicon Ardennn-
Ionipes the gas o
form a plasma

Otz Tukw-
conlines naulral gas

bolore i onisos
@rbgum-s-lhe flow of hydrogen or heliem gas.

The Variable Specific Impulse Magnetoplasma Rocket (VASIMR®) http://www.adastrarocket.com/aarc/VASIMR
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Figure 3. Simplified diagram of the probe measuring
circuit.
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V.A. GOdyak, Plasma Source Sci. Technol Figura 5. Probe system. The positions a and b are given
1 , 36 (1 992) magnified at the bottom to show a shielding sleeve

(posttion a) and epoxy vacuum seals (cross hatched,

V. A. Godyak, PSST 11, 525 (2002) position b).
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6.78 MHz, 10 mT

Langmuir probe  magnetic probe
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RF coil

eepf (eV" 32 cm™)

to RF matcher

]
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electron energy (eV)

V. A. Godyak, Plasma Source Sci. Technol
11, 525 (2002)
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