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Vacuum system
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Large surfaces, upscaling
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Residual gas

pump

desorption
diffusion of 
dissolved 
molecules

•permeation
•leak

Pumping of:
Residual gas:
•Adsorption – Desorption
•Diffusion of dissolver or trapped gas
•Permeation trough materials
•Leaks
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Composition of atmospheric air
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Units of pressure

http://vacuumtech.blogspot.com/2009/06/in-international-system-of-unit-units.html
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Sources of residual gas

Limiting factors

•High vacuum
• pumping speed
• leak

• Good High vacuum
• desorption from walls
• baking

• Ultra high vacuum
• impurities
• internal leaks
• material selection
• diffusion
• permeation

Gas phase
e-at

Desorption:
water, air, CO, CO2

t -1

Diffusion: H2, CO
t -1/2

Permeation:
H2, He

Time

Pr
es

su
re
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Average mean free path (distance between collission) 
in nitrogen residual gas

Ultra Good 
High

High Inter-
mediate

Rough

Total pressure of residual gasses

<λ> 

ρN = N/V
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Phases of residual gas

Ultra Good 
High

High Inter-
mediate

Rough

Total pressure of residual gasses

d = diameter of chamber

• Viscotic <λ> < d/100

• Intermediate

• Molecular <λ> >> d 



Jari Koskinen 11

Time to form one molecular layer on surface

Ultra Good 
High

High Inter-
mediate

Rough

Total pressure of residual gasses

m average molecule mass
ζ diameter of molecule

𝝉
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Use of High Vacuum

Ultra Good 
High

High Inter-
mediate

Rough

Total pressure of residual gasses

Ultra Good 
High

High Inter-
mediate

Rough

Total pressure of residual gasses

• High vacuum 𝝉〜 s
• Clean surface during 

process
• Several thin film 

processes
• Ion implantation     

• Good High Vacuum 𝝉〜 min
• Sufficient for electron 

gun
• Clean surfacea during 

slow process
• Several thin film 

processes
• Crystal growth
• Electron microscopy
• Mass spectroscopy
• Lithography     

• Ultra High vac. UHV 𝝉〜 hour
• Clean surface during 

slow experiment
• Atomic clean surface

• Ion accelerators
• MBE-processes
• Surface analysis

• XPS, ESCA
• SIMS

From Jyrki Målarius
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Critical temperatures for some residual gasses

above Tc no liquid

pump

Helium
Hydrogen
Nitrogen
Carbon monoxide
Argon
Oxygen
Methane
Carbon dioxide
Chlorine
Ether
Ethanol
Carbon tetraclor.
Water

Gas or vapor
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• Mechanical pumping  
→ 0.1 Pa

• High Vacuum pumps 
with backing pump 
→ HV, Good HV (VHV)

• High Vacuum closed
→ UHV

Chamber

Pump

Backing
Pump

Vacuum Pumping

From Jyrki Målarius
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Chamber

Pump

• Pump throughput
Pa m3/s

• Pumping speed
m3/s, l/s, m3/h

• Final pressure

PV = NRT

From Jyrki Målarius
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Qp = Q leak + Q des + Q evap + Q diff + Q per – Q ads
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Adsorption

•Physisorption

•Chemisorption



Jari Koskinen 18

Adsorption

Physisorption
•Chemical bonding:

•polaroization (van der Waals)
•Bonding energy ≈ 0.001 – 0.5 eV
•Bond length ≈ 3 – 10 Å
•For example: nobel gas or molecules 
on materials
•Possibly precursion state before 
chemisorption
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Adsorption

Chemisorption
•Chemical bonding:

•charge exchange
•Bonding energy ≈ 0.5 – 5 eV
•Bond length ≈ 1 – 3 Å
•For example: H, O, N, CO on metals
•Dissociation of molecule
•Final absorption



Jari Koskinen 20

Desorption

Adsorbed molecule must 
receive energy ED in 
order to leave surface
• thermal
• radiation

• photons
• electrons
• ions
• electric field
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Vacuum pumps

• Positive displacement (mechanical pumps)

• Momentum transfer (molecular pumps)

• Entrapment
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Mechanical pumps

Rotary vane  

Very common fore vacuum-and general vacuum 
pump.
•Typically 1 or 2 stage configuration.
•Gas is moved by rotating vanes.
•Oil is used as seal, lubricant, and coolant.

+ High capacity from 103 to ~10-2mbar.
- Potential back streaming of oil into vacuum 
chamber.



Jari Koskinen 23

Mechanical pumps

Roots

Counter rotating blades moves gas volume.

•No contact between surfaces →oil free 
operation.

•Runs very hot without fore vacuum pump.

+ High capacity from 10 to ~10-4 mbar.
(Medium capacity from 1000 to ~10 mbar)
+ Oil free
- Works best together with fore vacuum 
pump.
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Mechanical pumps

Scroll pump

Moving scroll orbiting a fixed scroll.

•Compressed gas volume pushed towards 
center outlet.

+ Oil free
+ Reliable, low maintenance.
- Low to medium capacity (103to ~10-2mbar)

http://upload.wikimedia.org/wikipedia/commons/3/31/Two_moving_spirals_scroll_pump.gif
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Momentum transfer – Turbo pump

Turbo molecular

•Fast moving rotor (30k to 90k rpm) with 
several stages and many blades per 
stage.

•High efficiency in the molecular regime 
where gas molecules collide with rotor 
blade and not each other.

•Some modern pumps have magnetic, 
non-contact, bearings. 

+ High capacity from 10-3to ~10-8 mbar.
+ Low maintainance.
- Sudden large gas loads may cause 
severe, expensive damage.
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Momentum transfer in turbo molecular pump
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Momentum transfer – oil diffusion pump

•Hot dense oil vapor is forced 
through central jets angled 
downward to give a conical 
curtain of vapor.

•Gas molecules are knocked 
downwards and eventually 
reach the backing  vacuum 
pump.

+ Simple pump without 
moving parts.
+ High capacity from 10-3 to 
~10-8 mbar.
+ Low maintenance.
- Needs cooled baffle to 
reduce oil contamination of 
vacuum chamber.

https://vacaero.com/information-resources/vac-aero-training/170466-the-fundamentals-of-vacuum-theory.html

Liquid nitrogen trap
(https://www.idealvac.com/Varian-362-6-ASA-Liquid-Nitrogen-Cryotrap-
For-Varian-VHS-6-Diffusion-Vacuum-Pumps/pp/P10385)
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Entrapment

cryo pump

Cool head with several plates (stages).

The metal top side of the cool (12K) plates traps 
gas molecules by cryocondensation.

The bottom side of the plates are coated with 
active charcoal and traps gas molecules by cryo-
adsorption.

The cooling is done with a Helium filled 
refrigerator loop.

+ Very High capacity down to ~10-9 mbar.
+ No backflow contamination.

- Pump saturates if exposed to high pressure or 
continuous gas flow.
- Need periodic regeneration of cool head.
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Entrapment

ion pump

Free electrons move in helical trajectories 
towards the anode, ionizing gas molecules upon 
collisions.

•Gas ions strike the Ti cathodes and some get 
buried.

•Sputtered Ti deposits inside the tubes and 
getters gas molecules through chemical 
reactions.

+ Simple pump without moving parts.
+ Can work at very low pressure ~10-11mbar.
+ Oil free.
- Not suitable for gas loads.
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Pumps and vacuum ranges
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Vacuum gauges

• Mechanical – diaphragm
• Electronic

• Piezoresitive (strain gauge)
• Capacitive
• Magnetic
• Piezoelectric
• Optical
• Potentiometric 
• Resonant

• Thermal conductivity – Pirani
• Ionzation gauge
• Hot cathode
• Cold cathode (Penning)
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Gauges

ionization gauge hot filamentPirani

Heat transfer ⤳ pressure
Ionization rate ⤳ pressure
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Residual gas analyser

SRS RGA100 Residual Gas Analyzer

https://vacaero.com/information-resources/vac-aero-training
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Residual gas analyser

https://vacaero.com/information-resources/vac-aero-training/6884-residual-gas-analyzers.html
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Vacuum systems
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Vacuum systems
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Gas flow in vacuum systems

Q = C(P1 – P2)

P1 P2

C
Conductance [l/s]

Q  gas troughput [pressure*volume/s]

in series:

in parallel:
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Conductance of various geometries

M. Ohring
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Out gassing
4
0
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Monolayer formation times

41
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Vacuum Baking

§ In order to obtain UHV
§ heated to high temperatures (100 -

300 °C or so)
§ mostly water is adsorbed to the 

chamber walls
§ very long time at room 

temperature.

§ Electrical heating tapes (shown in 
the picture below).

§ Then everything is covered with 
aluminium foil for insulation and 
heat distribution. 

42

http://philiphofmann.net/ultrahighvacuum/ind_bakeout.html
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Out gassing - 1
4
3
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Out gassing - 2
4
4
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Out gassing - 3
4
5



Jari Koskinen 46

Oxygen contamination

46
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Case NiTi

§ Nickel Titanium shape memory alloy
§ MEMS devises
§ Based on reversible austenite-

martensite transformation, which is 
temperature driven

§ Transformation temperature depends on 
stoichimetry

§ oxygen reacts with Ti forming TiOx, 
which changes Ni/Ti ratio in alloy

47

Thin Solid Films 370 (2000) 18-29
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Case NiTi

§ RGA control in UHV vacuum
§ Before baking H2, H2O, CO2 and CO
§ By baking H2O, CO2 and CO gases were 

kept below 10-8 Torr
§ Sputtering with Ar partial pressure of 2 

mtorr during film growth
§ Stoichimetry and transition temperature as 

in bulk NiTi
§ without careful ambient control transition 

temperature changes radically. (Oxygen 
detection al low contents difficult in 
metallic thin films)

48



Jari Koskinen 49

Vacuum systems and sample loading
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• Connected to main chamber via 
gate valve 
• transferring samples
• its volume can be pumped and 
vented without disturbing the 
main chamber pressure
• chamber clean from water vapor 
or other contaminant’s
• increased sample throughput. 
• Components
• viewport
• o-ringed door
• ports for pumping and gauging
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5
1

Turbo closed
pumping of 
load lock

Turbo opened gate valve 
opened

gate valve 
closed
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Sputter cleaning effect

52
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Sputter cleaning using oxgen plasma or Ar-plasma
5
3
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Self-sputtering of Ni ions

54
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Self sputtering of selected metals 
Yield of self-sputtering

55
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5
6
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In-situ fabrication and characterization
5
7
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5
8
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Schematic of in-situ UHV processing system
5
9
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MBE system
6
0
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Vacuum system design


