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If you want to apply the included formulas:

1ev->K 11600 K
Boltzman (J/K) 1,3806E-23 Bolt
Avogadro 6,0221E+23 Avo
amu (MeV) 931,49 Mev
Pi 3,14159265 pi
M proton (kg) 1,6726E-27 Mp
M électron (kg) 9,1094E-31 Me
amu (kg) 1,6605E-27 amu
MO (H/M) 1,25664E-06 mu0
€0 (/M) 8,8542E-12 eps0
Electron charge 1,6E-19 e
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Chapter I: Gas
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1.Introduction

Gas in a closed system

Gas and vapors in the vacuum range where cold plasma are
carried out can be considered as ideal gases for all practical
purposes. Therefore, It is necessary to understand the basics
of gas-phase reactions and vacuum systems.

The kinetic theory of gases can be applied providing the
following assumptions are met :

- Swarm of particules of mass m in a random motion,

- Negligible size (radius of gas atom < mean free path)

- Elastic collisions predominant

Those assumptions are nearly met for low pressure plasmas.
What can drive away from ideal gas ?

- Effect of E (Electric field)
- Inelastic collisions, ....
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2.Pressure I

When you deal with the pressure of a liquid at rest, the
medium is treated as a continuous distribution of matter.

Btatle fluld pressurs doge not depend enthe
shape, iotal mass, or surface area of the liguid,

F‘ree&ure-m = ﬁﬂ = pgh

A&
T b A
weskghl = g =oth !
Pa Torr, Bar Atm mm
mmHg water
101.300 760 1,013 1 1,03x104

But when you deal with a gas pressure, it must be approached
as an average pressure from molecular collisions with the
walls
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3. Pressure of an ideal gas I

+ One mole of an ideal gas contains 6.02x10%2 molecules (N,).
* At the standard state of temperature (273K) and 1 atm
pressure (760 Torr, 1 athm), it occupies 22.4 liters.

Befone _
O [ Ap=pe-py
M Aler crligign — —
"'.3_‘ """ wilh well :m.fo 'm.(in)
—_l— * R
=2.m.Vy
But : |"’=:":T;?H-I 20
: The time for 2 reund g s Af = e
- - A
Ap=<F>At — <F> = °P
At
N/ o2
<F>= 2.m.Vx _ m.<Vx>"" foraround trip
2.L L
Vi
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3. Pressure of an ideal gas

For N molecules, 2

- mN.<V>

<F>= x
L

If random speed in all directions:

—2 —2 —2 —2
<V > =<V, >+<V > 4+<V, >
—2
=3<V, >

The pressure is then;

e <F>_ mN.<V > _ mN<V >

A 3.LA 3.V
—2
:m.<V >.N
3
In terms of kinetic energy:
p— rn<\72>.N _ 2m<v2> ~
3 2 3
2~ 2
P=-E N= .EC.N
3 3 "V
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(I.1)

2. Pressure excerted by a ideal gas

If we use the ideal gas law :

PV=nRT
R =k .N,=8.31 J/mole °’K =k.N /n
=6.24 10 4 Torr cm3/mol °K
K =1.3810-23 J/°K=8.617 105 eV/K

n: number of mole = mass of the material (in grams) equal to
the molecular mass in amu
N : Number of molecules = n . Na

ex: 1 mole (n=1) of C = 12 gr = 6.02 1022 molecules

C

PV=nRT and PV = iNE

There is a relashionship between E_and T°: Gas have a T°
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3. Pressure by an ideal gas

If we use the ideal gas law :

R =k .N,=8.31 J/mole °’K=k.N /n
=6.24 10 4 Torr cm3/mol °K
K =1.38 10 28 J/°K = 8.617 105 eV/K
T:g:gﬁ i ::> EC:3HRT
nR 3 nR 2
—2
mV zg’.k‘T Per molecules  (].3)
;> )
—2
ﬂ =§.RT Per moles
2 2
Rem
- P P (T
N= N_P_ 9.6510" (Torr) (molec/cm’)
V kT T (°

(1.4)

I Number of molecules/cm?3 independant of molecular weight
of the gas (ethylene (M=28), styrene (M=104) : N/V equals,
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3. Pressure by an ideal gas

Summary so far:

Everything relies on speed (V)
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4. Molecular speeds 4. Molecular speeds

4.1 Mean values 4.1 Distribution
E E _ E kT= IILV The different molecules do not have exactly the same speed.
TOLI) 7 7 Their speeds are distributed according to the Maxwell speed
distributions
| — 3k.T m:
Wefind Vo =,/ (mkgTK) (V) = dm( ) e L’
m

If 1 eV =11600 K
Al, 1200°C—=V__ =0.19eV =1166 m/s V ims ,/ ‘/ «/
m . m

H,, 1200°C -V, =0.19 eV =4286 m/s (16) (1.7)

But, gas have a speed distribution

[H

Fgq
¥ [
eui !5 = |2RT
i) Vo 7 '
5. i g 1IN L
g. g7 s i E _ [8RT
2 383 =43 i5: iy
2 E=1 gg - \ oM
S T neg S| [3RT
8 g $ £ £ E |
S : : i M
175} E §
Mokeaular Spead Molegular Specd
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4. Molecular speeds I

Example

Molecular Speed Calculation

The speed distnbution for the molecules of an ideal gas 15 given by

Maxwell Speed Distribution
Function fiv)

3
2 -’
vi=dn|——| v
Uy [2)’[RT} P[ 2RT
Vims P M
i _ [s&T
% § é \ M
g g Vrms=«fl3RT
; -

Molecular Speed

The calculation of
molecular speed
depends upon the
molecular tnass and the
temperature. For mass

m=27__ m
M= kglol

and temperature

T=147B15 |
T=1200 |c

the three characteristic
speeds may be
calculated.

The nominal average
molecular mass for dry
ait iz 29 amw.

Most probable speed=Yp= 352521865 = 3429.0787kernvhr = 21307307 mithr
Mean speed=¥ = 1074.805Em/s = 3369 300%mihr = | 2404.272 il
RIMS speed=Yrms=1166.5962m/s = 4199.7465krmihr = 2609.601Emmifhr

http://hyperphysics.phy-astr.gsu.edu/hbase/kinetic/kintem.html
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4. Molecular speeds I

Probability (dF /dv)

<

Temperature
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5. Collisions

5.1 Intermolecular

5.1.1 Reaction rate
- Molecules = hard spheres
- Position of all atoms (mol.) are frozen except the one of interest

Hit when centre of 2 molecules are within d = 2r

&> Effective collision area is s = t.d%2 = cross section = ¢
j*' The effeciive
ii’Io—l" j (\\ callision area

» Molecule moving sweeps out a tube of area nd? and
length <V>.At
* All collisions are within that volume:

Volume = 6.<V>.At
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5. Collisions

5.1 Intermolecular

5.1.1 Reaction rate

-~ N .
If N= v =number of molecules in that volume
Number of collisions: N,=N.c.<V>At  (Coll)  (1.8)

Collision frequency: v,=N.o.<V> (Coll/s)  (1.9)

. N —_(NY ;
Reactionrate: R=v . —=0.<V>| — (Coll/cm™.s)
\Y \Y
(1.10)

Rem.:r, =3.56x10"'m

o(Ar — Ar)=mnr> =3.98 10"”m’
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5. Collisions

5.1.2 Mean free path

A — (1.11)

To be exhaustive, we must consider that target molecules
in the swept cylinder are also moving, and therefore the
mean free path and the frequency of collisions depend

upon the average velocity of the randomly moving
molecules.

<vrel>:ﬁ<v>

xz—l k—T (P in Pa) (1.12)
J26 P
ﬂ'é = 4'\/5210% (113)
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5. Collisions

5.2 With walls

Suppose wall of area A perpendicular to x Axis and volume
density of container N/V particules

net force

All molecules in volume A. V, At will strike the wall at
interval time At.

Intermolecular collisions showed that

N =N.g.<V>At  (Coll)

Wall area Dist. MB
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5. Collisions

N.=N.A.At] Vi £(x).d Vs
0

n = N, - N. kT _ E'<{/’> (1.13-b)
At 2nm 4
(Coll/s.cm?)
But P.V=nRT
PV=NkT
&> gl JEE B (1.14)
kT V2am +2amkT

septembre 08 1.19 Plasma, S. Lucas

6. Mono layer formation time

10" Jm.T

T, (10" at/cm®) = =7x105P (s)

n
VM.T

m: kg, M: kg/iMol, P: Torr = 2.85x10™® P

If all molecules stick

In air at 20°C; =~ 3.5 10-9 sec,
At1010T =7.3h.
«—Lolv_l—E—l:_High—-il*Ullra-high vacuum § g
1013 1022 ':";‘ % 10‘4 ag
K = 1021075
. 1015 1020 5’ ,é, ) E
ki S S 0 F107e
E 10M4018  pemmmmmdo e m e 10 =
= g PR K B3
< 4pf24qp16 o £ 102 %
= 8 o ¢ F0°|S
2 ot §| 0 1 Xmmmmmee- g 10 =
] 2 =t 2 b
= 108 Ho” £ § 108 104 -;o:ﬁm
3 08 Tygn S| Ar2sc = e 10 :;odrm
S 3 6 |1 day
= ot Tyt é Pressure (N/m?) 1010 10° [ ek,
02 Tigs 10* 102 10° 102104 10°10°® 10° 108 [ yexr
B e

3102 10° 10210 106 10°® 100012101
Pressure (Torr)
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7. Gas flow

We've been so far talking about a fixed number of atoms in a
sealed enclosure. Reality in plasma processing is that we have
a steady state population of atoms being continuously fed by
gas flow and pumped by a vacuum system. Depending on the
plasma process, the gas inlet is either consumed or not:

*Plasma etching and deposition: gas inlet consummed,
*Plasma sputtering: no comsumption of the sputtering gas.
Type of gas flow:
At high pressure, A L1, — lot of collisions.

< Atoms move by collisions with each others,

— VISCOUS FLOW (laminar or turbulent)
At low pressure, A TTT, — no interactions except with walls
of the vessel

— MOLECULAR FLOW
in between: — KNUDSEN FLOW

If d = @ of tube, p the pressure,

VISCOUS FLOW (rough vacuum):
p.d. > 6 10" mbar cm
A<d/100
KNUDSEN FLOW (medium vacuum):
6 10' > p.d > 1-3 102 mbar cm
d/ 100 <A<d/2
MOLECULAR FLOW (high and ultra high vacuum):
p.d < 1-3 102 mbar cm
A>d/2
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* ressure ranges used in vacuum technology and their characteristic features

Rough vacuum Medium vacuum High vacuum Ultra-high vacuum
Pressure pin mbar 1013, .1 1...109 108,107 <107
Particle n?mber density n in em=3 100 ... 10% 10%, .10 [ 1539 <109
Mean free path Tin cm <10¢ 102,,,10 10...10° -,,10:‘
Impingement rate Z, in cm2 s 1098, , . 1020 102,107 101;. . ‘.D"\3 < 1(}"-
Collision rate 2y in cm=? 5= 102,,.102 109, .. 107 10710 <10
Monolayer time in s <10°% 108, ., 102 102, .. 100 =100
Type of gas flow Viscous flow Knudsen flow Molecular flaw Molecular flow
ome other features Convection Marked change Marked reduction Surface effects
i dependent of the thermal of the dominate
on pressure conductivity velume-related

of agas

collision rate

ate: All figures shown are round figures and related 1o air of 20 °C
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8. Pumping speed and residence time

8.1 Pumping speed
It is the process of removing gas molecules through action of
pumps:

S zg (L/sec) (.16)

Q: Flow rate: Pressure x Volume per second (e.g. Torr L /sec
or SCCM)

Q=C(, -P,) (117)

C:conductance (L/sec)

SCCM: Standard cm3 per minute at 0°C, 1 atmosphere

23
1 SCCMZM molecules per minutes (1.18)

22414
=2.69x10"”molecules per minutes

79.05 sccm
2.13x102" molecules per minutes

1 Torr litre/sec
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8. Pumping speed and residence time

8.2 Residence time

T: mean time a gas molecule remains in the process chamber
before being pumped

Volume V, Pumping speed S:

ge
<

_pV (1.19)

T:X:
S

2

p.

Ex: Volume 2001, p =5 103 Torr, 100 sccm Ar: &= 0.79 sec.

septembre 08 I.24 Plasma, S. Lucas




9. Various stuffs 9. Various stuffs
UE;II!-MH vasuum }-S !; \ﬂ:ul{ﬂ l:;dllw yasuum PMH ug,wm
=107 mbar 107 .10 mbar 1077 1 mbar 1..ca 107 mbar
Table 5: Some fundamental constants relevant in vacuum technology Teh e e e 0P
Symbol Value and Unit Remarks Dm%
Atomic mass unit u 1.6605 x 1027 kg vk g pup
Avogadro constant Na 6.0225 % 102 mol-! Number of Sliging-vane ratary gump
particles per mol Wultiple-vara ratary pm
Boltzmann constant k 1.3805x 10 B JK-! = ke,
= 13,805 x 10-20 TRAr MY _ Rty Sl guras
K - Aoots pump
Electron rest mass me 9.1091 x 10-*' kg . | Turbine pumg
Elementary charge e 16021 x 10-¥ A's . | Gaseous g pur
Molar gas constant R 8.314Jmol K- = — Turbomolecular pump ===
-~ =83.14% R=Nqk ]
Molar volume of Ven 2414 mkmol! = 9=0°C - Diffusion purme
the ideal gas = 22.414 itr mol-1 p = 1013 mbar Dittusion ejector pump
Standard acceler- On 9.8066 m s2 ) — Adsarption pump
ation of free fall Sublimation pump
Planck constant h 6.6256x 1034 s LA e
w Cryopump
Stefan-Boltzmann constant o 5.670x 10-8
. N Ll S S R — — —
(erlq;:%f:r\:ec]h?;:mc —e — 17588 x 1011 AS 107" 0 10 0?07 0t ot w0 o 10? owt 0° 10 0fF 100 mbar
Me kg Intake pressure —
Speed of light in vacuum c 2.9979x 108 m s~ T ?
Standard reference ©n kg m-3 at $=0° and
density of a gas Pn = 1013 mbar
Standard reference pressure Pn 101,325 Pa = 1,013 mbar Ultrashigh vacuum High vacuum m_u)\um‘mm]nm
Standard reference T, 273.15K or §,=0°C b bl I P R
temperature . Liquid level manomater
= Elastic element gauge
. Compression D
Table 6: Conversion of pumping speed (volume flow rate) units e e,
Unit Itr s mh-t cmist cf. min' e
fmal conductvit gauge
s 1 36 1000 212 S I ST 3 "
1m3h- 0.2778 1 277.8 0.589 ) Radioactive ionization gauge
1cmd st 102 3.6x 100 1 2.1x103 Penning ¢
1 c.f. min~! 0.4719 1.699 47185 1 | Cold-cathods nagnstron gauge
Colc-cathode nverted fnagneiron gavge
High-frequency vacuum fester
Table 7: Conversion of throughput and mass flow rate units Hol-cathedd ionizaben gauge
Highs| fessure i ation
Unit mbar kg h-' kg h-1 cm® (NTP)  ¢m?(NTP) Bajard-Alpart e S
Itr s (air,20°C) (air,0°C) h? st T gauge,
1 mbar Itr 51 1 429%10° 461x10° 3560 0.95 | Suppressor gauge
1 kg h' (air, 20 °C) 233 1 1.073 829x 105 230 Extructor gavge |
1 kg h-! (air, 0 °C) 217 0.933 1 775x105 215 peni-beam gauge |
1.cm? (NTP)T) b1 281x10% 121x10% 129x10%6 1 278x 10 FoLCINo0s Magnavor Gavge
1cm? (NTP) s~ 1.05 433x10° 464x10° 3600 1 et e —t—1 45—+ TR R
: — O R 0 0 0T 0 107 0 00 0 00 0 o Y 100 ' 0 mbar
") The unit cm® (NTP) 5= which is alsc used in practice corre- In most cases, however, the rounded off factor 1.00 can be
sponds to 1.05mbar ltrs™' or 1mbaritrs™' = 095¢m’ (NTP1s™.  used instaad s that' 1 &m® (NTPI &' & 1 mhar It - Pressure =
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