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Vacuum and Gases

e Recall Ideal Gas law

PV =nRT
where P = pressure (atm) —
V = Volume HEHE] - STP
N = numln- of moles of gas - 25.0°C
R = Gas constant - ot gl: 1atm

T = temperature (°K)
* R =22.4 yyole at Standard temperature & Pressure: STP
e Avogadro's Number = 6.03x10” molecules/mole

Value of the gas constant R:

: . -1 og~1
& DEnanMes D IOl 5 nRT  1mole * 0.0821 1 - atm/mole - K * 273.15 K
= 8.314 J mole' °K~' V = =
= 624 liters torr mole™' °K~ P . 1 atm
= 1.987 cal molecule”' “K-' = 22.41 liter
22.40

1) Average distance between gas molecules at STP (0°C, 1atm)



2)Kinetic energy and temperature

The energy of the gas is stored in the form of kinetic energy (and in the case of
molecules, also in vibrational and rotational states).

Average kinetic energy of a gas molecule ;

= mean sqQuare speed

1 5_3,., ¢
KE =5mc =-kI  k = Bolzmann's constant =1.38 x10” 2 J/ &
- = 3T
"V m
JIHo] EAt= X CHE YO R HE KR 0|5 ~ETESE =0

> 450 HB0| B BAMESE (mean square speed)

SAHLE 2F A7 (degree of freedom) StLIZH Of LﬂﬂE—;kT



3) Pressure

Total force (=rate of momentum change) exerted by the bombarded molecules per unit area

— o 2 where ¢, = velocity in x-direction
P=nmc, _
n = gas molecular density
< c nmc’
e S P= =nk1
£ 3 3

As temperature  — &1 — P1

X Pressure units

| atmosphere = 760 mmHg = 760 torr = 1.0l x 10° Pa

| Pa= 1 N/m? =10 dynes/cm? = 7.5 mtorr

| torr = 133 Pa = 103 mtorr =103 umHg

* Most plasma processes take place between | mtorr and | torr.

e Standard units are Pascals: 1 Newton force per sq m
official ST unit

e Everyone in the industry still uses torr (1 mm of mercury)

e Vacuum is High when pressure is low (<1 mTorr)

1 pascal = 7.5x 103 torr = 7.5 microns of Hg
1 torr = 133.3 pascal

1 bar = 1x10° Pa = 750 torr

1 atm = 1013 x 10° Pa = 760 torr



X Density of Gases

At STP ;a gram molecule of any gas contatins 6.02x | 023 molecules and occupies 22.4 liters.
At STP ;2.7x10'"° molecules/cm?3

At | mtorr, 20°C ;3.3%10'3 molecules/cm?® = 33 molecules/ pm3

| torr-liter =3.3x 10'”molecules at 20°C

| scc (standard cc) = (760 torr). (10-3 liter) = 0.76 torr-liter



4) Impingement flux

The number of molecules striking per unit area per unit time

— ¢ 5
Fflur N = / n{c,)c.dc,

= e HE HHOY ~ 10'S atoms/cm?

_ nc
- P * | torr = 1000 mtorr
= 35X 10::,.—\1~
(Mp?

P = pressure (torr), M = molecular mass unit (g/mol), T = temperature (K)

For Ar, N=3.2x10!'7/cm2. sec at | mtorr, 20°C

N=3.2x [0'4/cm?. sec at 10 torr, 20°C
Each atom of a surface in a chamber experiences about 300 collisions/sec at | mtorr.
When the surface of the substrate is clean, reactions such as oxidation and nitridation will
occur instantly at the surface without need for heat or high temperature even at | mtorr.

* Monolayer formation time : about | sec at 10-¢ torr.
(assuming sticking probalility is unity)

*Typical sputter deposition rate : about | monolayer /sec

~ The partial pressure of a contaminant gas << 10 torr

In the evaporation process, a low pressure (< 106 torr) is required to avoid contamination.



5) Mean free path (A) zzz st 71z0 1y

*The average distance travelled by a gas atom between collisions with other gas atoms.
* MFP is inversely proportional to gas density (n) and thus gas pressure (P)

Acec]l/ne<c 1/ F

A(cm) =5/ P (mtorr) for Ar and air molecules at 20°C

* Collision frequency =¢ /A
eg) In argon at | mtorr, collision frequency = 8000 collisions/sec

* Mean deflection path = 10 A
The average distance travelled by a gas atom before it has been deflected significantly.

Table 7-2 Properties of gases of interest in thin-film deposition

Molecular Molecular Abun- Boiling

Gas weight diameter? dance point

(formula) (g/mole) (nm) in air (°K) Comment

Nitrogen (N,) 28 0.316 78.08% 77.4 —

Oxygen (0;) 32 0.296 20.95% 90.2 -

Argon (Ar) 40 0.286 0.93% 87.4 Usual choice for sputter-
ing

Carbon dioxide 48 0.324 0.031% 194.73% -

(CO,)

Water (H,;0) 18 0.288 Varies 373.15 Absorbs strongly on most
materials

Hydrogen (H,) 2 0.218 0.5 ppm 20.3 Formed by breakdown of
waler

Helium (He) 4 0.200 S ppm 4.2 Used for leak detection

T Derived from gas viscosity (Ref. 14)
% Carbon dioxide sublimes rather than boils.



0) Types of gas flow

Viscous flow ;A < 0.01d at high pressure
Transition flow ;00lId<A<d
Molecular flow ;A > d at low pressure
where, d = dimension of vacuum chamber %
2 Laminar
Viscous Flow Ik e
e At high pressure MFP is short
e Molecules collide with each other: Viscous Flow
Molecular Flow Molecular
e At low pressure MFP is long 0s 100 10T 102 01 100 100 100 108 mber
e Molecules collide with walls: Molecular flow Pressure p

http://www.pfeiffer-vacuum.com/know-

a) how/introduction-to-vacuum-
® I | technology/fundamentals/types-of-
e flow/technology.actionlchapter=tec|.2.6
P,y ! ——Y ’p P.
L e L A, ! 2
eV 3 &
— Vi

Fig. 2 (a) Schematic representation of particle velocities for viscous flow through a narrow tube.
(b) Schematic representation of particle velocities for free molecular flow through a narrow tube.
From L. Maissel and R. Glang, Eds., Handbook of Thin Film Technology, 1970°. Reprinted with
permission of McGraw-Hill Book Company.



Vacuum Technology

) Vacuum ranges
* Range of vacuum

Low - 10° Pa (750 torr) to 3.3x10> Pa (25 torr)
Medium - 3.3x10% Pa (25 torr) to10°! Pa  (7.5x10°% torr)
High - 10! Pa (7.5x10%torr) 10104 Pa  (7.5x 107 torr)

Very High - 10% Pa (7.5x107 torr) 10107 Pa (7.5x10°19 torr)
UltraHigh - 107 Pa (7.5x10%torr) 101070 Pa  (7.5x10°13 tom)

* Most fab processes use either 102 to 10 torr pressure (medium to high vacuums)
* Pumping systems needed to reach these vacuums



Overview of vacuum
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2) Typical classic vacuum system

e Systems usually contain two pump systems
e Medium vacuum section (Roughing or Fore pumps):10’s mTorr
e High Vac pump (diffusion or cryo pumps) to microTorr range
e Pump chamber is switched between each using
roughing and high vac values

Vacuum
chamber

High vacuum
isolation valve V1

\
L

Roughing L - Gauge
valve — (crossover
v2 pressure/high
_T——— vacuum)
—
‘ ——— Cryopump
l Pressure
— relief vaive
Gauge (pre- V3 H— Helium gas
coolagown | lines
cryopump B
pressure)
Cold head l
Forelne _T_ | , :
-~ Helium
compressor

Rotary pump
(roughing)



3) Rotary or fore pump 7IH%22 s24M 2o

¢ Also called mechanical or roughing pump

¢ Rotation of vanes pushes air around

e When at atm pressure oil spews out exhaust
e Why - exhaust passes through oil

e Pump flow rate 1s

O=PS

where Q = gas volume remove (1)
P = pressure
S = pumping speed in I/min

OUTLET
VALVE —

SEAL

ROTOR -

—— INLET

.~ VANES

——— STATOR

Fig. 1 Schematic of a vane-type rotary oil pump.
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https://www.youtube.com/watch?v=AFHogF-9eGA&t=6s&ab_channel=PPlusVac
https://www.youtube.com/watch?v=IIKOx0JqE08&ab_channel=TheVacuumator

e Roughing typically saturates about ~10~ torr (milliTorr)

¢ Double stage pumps better
e Real chamber pressure depends on leakage rate

e e e,

1073 1072 16" 1
PRESSURE (TORR)

Fig. 2 Two-stage rotary oil pump speeds as functions of pressure (for models from Welch
Scientific Co., Skokie, IlL.).

PUMPING SPEED (LITRE MIN)

o
(
o
=)
>




Root pump
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Steering valve

Self-valve head\‘

-

|
Y Exhaust outiets

Exhaust outlets
Chart 1 structure diagram Chart 1 (A) structure dagram




https://www.youtube.com/watch?v=ON_PAtyblaY&ab channel=Leybold



Gas Inletport #4SQ
Rotor 8 F

Shaft &
Roots pump B % X

Gas outlet port Hi(Q

Valve /17

1@
Prevention Return Valve

Hs
Outlet
Liquid ring pump 3R R !
Liquid ring I
Gas Outlet g0

TRBAANATETER
Roots Pump Systems With Water(Qil) Ring Vacuum
Pumps working sketch drawing

#% Inlet

ETHRR
Chief roots pump

g F XK
Mid roots pump

©

WRT R

Backing rots pump

&)

Spheﬁ:@l valve

jiqop)
Prevention Return Valve

Tkt

Working liquid inlet TR
\J/| Double stage

l liquid ring pump

H#S Outlet

EFRVNRBAHSHNARERIER

Three Roots Pump & double stage rotary hquid ring
Vacuum Pumps principle drawing



Diffusion pump

SHtEHI = dH((YEE SR SR E 7HESHY YAl
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O
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T 7
o
Heating element
Pump ().ll
reservoir
Figure 7-2 A diffusion pump. Oil heated in the reservoir emerges from the jets and collides with gas

molecules, driving them into the roughing pump.
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https://www.youtube.com/watch?v=Y0xKZPhM
S30&ab_channel=CaptainCorrosion



Diffusion pump

 Must rough out chamber first: Do not use above 107 torr

e High vac pump operating by boiling pump oil

e Pump tower directs vapour downward

¢ O1l molecules push gas down by collision & momentum transfer
e Creates high pressure at foreline (above millitorr)

e Roughing pump on output removes gases to atm

e Water jacket cools pump walls: o1l condenses for evaporation

e Diff pumps rated by pump throat diameter (eg 6 inch, 8 inch)
e Pumps are very heavy

e O1l in pump destroyed by air when hot (expensive oils better)
e Do not bring up to air when pump hot

e Pump must be hot before high Vac valve opened

e May hear gurgling sound when high vac value first opened.



Diffusion pump

3717t & L= MM FFOIH| ROt =
(H=2k ™H Ao 2X)

e Used to trap water vapour & oil from diff pump

e Cold trap filled with liquid Nitrogen (77 °K)

e Most important: stops back streaming of Diff pump oil

e If 0il gets in chamber contaminates vacuum system

e Also freezes out water, some carbon dioxide

e Significantly reduces pressure

e Must keep cold trap filled! Do not open high vac if trap warm

X Cold trap system

SYSTEM PORT

FILLER TUBE - FILLER TUBE

r ’_
-
= . LIQUID
l—l NITROGEN
e SYSTEM PORT = :
5 LIQuUID = \ %
~Z NITROGEN = ﬁ ’
= < G O
PUMP PORT PUMPING PORT
Fig. 9 Liquid-nitrogen container trap for Fig. 10 Dewar trap with cooled bafile.

oil diffusion pumps.



Turbomolecular pump
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Turbomolecular pump

https://www.youtube.com/watch?v
=x3XaW7UFIljl&t=3s&ab _channel
=CaptainCorrosion

https://www.youtube.com/watch?v=
8gNDDItrIBc&ab_channel=Edwards
Vacuum



Cryo pump ( or cryogenic pump)
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Cryo pump ( or cryogenic pump)

https://www.youtube.com/watch?v=T TwxhzVxvk8&ab channel=CaptainCorrosion



lon pump
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lon pump

https://www.youtube.com/watch?v=_SiJtauhhHs&ab channel=CaptainCorrosion



Vacuum gauges

Bourdon gauge
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Pirani gauge, Thermocouple gauge

Chamber

Tube
e Rough Vacuum gauges for above 107 torr
e Work by measuring heat loss to air SRR R
e Pirani Gauge: compare heat loss to standard tube

uses a Wheatstone bridge setup
e Thermocouple gauge: measure T of hot wire PR
uses thermocouple attached to wire
R
h

e Both low cost ($50) & robust

e Electronics cost about $1000 but supports many guag
l Battery a)
]

Fig. 18 (a) Pirani gauge. (b) Thermocouple gauge.
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Pirani gauge
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Thermocouple gauge
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Ionization high vacuum gauge

e Tonization gauge: works only a pressure <107 torr
e Heater filament ionizes gas
e Measure current flow to anode
e Good till about 10 torr
e Burn out if brought into roughing pressure (10 torr)
electronics have cutoff for high pressure: not always fast enough
e Walls and electrodes collect gases at higher pressure L

e For true pressure must outgas

e Done by running heater in tube

e Baking out system drives off gases/water ( for gauges & chamber)
e Expensive: tube costs $300 - $500

e Electronics about $2000 _ » >
Fllament - F[HH :

D
™

ION COLLECTOR




https://www.youtube.com/watch?v=Is6kfQLQWVPk&ab channel=PPlusVac



Ionization high vacuum gauge




Vacuum System

System Overview Chamber
Hi-Vac Manifold
Vent
R hina Val Valve -
oughing Valve amber
gning ——g— Chamt
&0
Hi-Vac Valve —={X
Q
= Liquid
§> Nihcc')gen — Cold Trap
'-g,, Internal Disc-] Bafie
Q
o
Diffusion Pump

Foreline Valve

&

Pump Vent :®:I

Exhaustto g

atmosphere —

Mechanical
Pump

L |

s el VENT VALVE
THERMOCOUPLE
GAUGE TC1
ROUGHING

VALVE

HIVAC VALVE ._| THERMOCOUPLE
GAUGE TC2
TURBO PUMP~
FORELINE MECHANICAL
VALVE PUMP

TURBO PUMP SYSTEM



Rough Chamber Chamber -
9 Hi-Vac Chamber Chamber
Hi-Vac Manifold Hi-Vac Marifold
l Vent
Roughing Valve Roughing Valve Valve
SEENESRGNR MBS eARRRaN T éh\i}m?er
s , : en
ol Hi-Vac Valve Hi-Vac Valve —=1%
£ | 2| Licui
: £ iquid
§; —‘ Cold Trap o | Nitr%gen : Cold Trap
£ | : £ _
"§, Internal D'SC"—m‘ Baffle -§, Internal Dlsc“ﬁ‘ Baffle
O | O |
ol ok l
Foreline Valve Diffusion i1 Foreline Valve Diffusion
{ Pump TR Pump

Pump Vent

Exhaustto J

atmosphere =

Mechanical
| Pump

& Open Valve
#* Closed Valve

Pump Vent

Exhaustto J

http://privatewww.essex.ac.uk/~bolat/basicvacuumsystem.html

& Open Valve
#* Closed Valve



Vacuum system operation

¢ Close chamber & make certain seals tight

¢ All vac valves closed at this point but pumps running

Roughing Cycle

e Rough out chamber: open Foreline value to roughing pump
Note: diff pump isolated: roughing value to diff closed!

e When first open foreline gurgles & may put out oil

e If pressure does not drop much then leak

e Watch thermocouple guage: get pressure to millitorr level

(b) | l (¢)

i\

o o o 1

High Vacuum Cycle
e Diff pump must be hot & cold trap filled
e Close foreline value, open roughing line to diff pump
e Then open high vac value
e Turn on ionization guage
e Degas ionization when pressure gets <107 torr
& before final pressure reading
To Bring to Atmosphere
¢ Close High Vac, pause then close roughing to diff pump value
e Make certain foreline value to chamber closed
e Possibly back fill chamber with nitrogen (to keep clean)
¢ Bring to Atm, and break chamber seal

(d)

T

3 —o-

Figure 7-1 A typical apparatus for achieving high vacuum. (b) Valve configuration when chamber is
open. (¢) Valve configuration when rough pumping chamber from atmospheric pressure. (d) Valve

configuration in high-vacuum operation



