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PHYS 641 VACUUM AND THIN FILM TECHNOLOGY

Vacuum principles and vacuum system design basics.

Overview of thin film technology, crystal structures of thin films,

Defects in Thin films, Nano crystalline, polycrystalline, and

epitaxial thin films.

Thin film nucleation and growth models, (2D, 3D, and 2D-

Epitaxial growth of thin films, super lattice structures and

quantum wells, diffusions: inter-diffusion, grain boundary

diffusions, reaction and phase transformation.

Thin film growth techniques (CBD, Spray, Reactive

evaporation, PVD, Sputtering, MBE, Laser MBE PLD, CVD, PECVD,

MOCVD, Sol-Gel, PAD.), Thin film processing, Thin film

characterization techniques.



VACUUM PRINCIPLES AND VACUUM SYSTEM DESIGN BASICS

INTRODUCTION TO PRESSURE AND VACUUM 

 The term “pressure” is used to describe either negative (below

atmospheric) or positive (above atmospheric) pressure. Positive

pressure is called “gauge pressure”.

 The term “vacuum” is used to describe the region of pressure

below one atmosphere of pressure, also referred to as negative

pressure.

 When speaking of vacuum, one must remember it as the

opposite of pressure; high vacuum means low pressure.
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Pressure is defined as the force per unit area exerted against a surface 

by the weight of the air above that surface

Atmospheric pressure is measured with an instrument called a "barometer", A 

barometer measures the weight of the air above a specific area

The SI unit of pressure is the Pascal (Pa), which is defined as one newton per 

square meter (1 N/m²)



Common units of pressure are bar (bar), atmosphere (atm), torr (torr) or

millimeters of mercury (mmHg), inches of mercury (inHg), and pounds per square

inch (psi).



Overview

 Vacuum systems are used to create a low-pressure environment (less than atmospheric

pressure).

 They are used in a variety of industries, including manufacturing, research, space

simulation and healthcare.

 The main components of a vacuum system are the vacuum pump, the vacuum chamber,

and the controls.

 The vacuum pump removes air from the vacuum chamber, creating a low-pressure

environment.

 The vacuum chamber is the vessel that holds the low pressure environment.

 It is possible to regulate the pressure in the vacuum chamber using the pump, valves

and gas inlet



Pumps

 On high vacuum systems there are rough vacuum pumps and high vacuum

pumps.

 It is necessary to use a rough vacuum pump to reach a certain pressure before

the high vacuum pump can be introduced.

 Common pump types are rotary vane pumps, scroll pumps, turbomolecular

pumps and diffusion pumps.

 Rough vacuum pumps are called positive displacement vacuum pumps. The

operation of a positive displacement pump is based on Boyle’s law applied over

many repetitive cycles.



Chambers

 There are many different types of vacuum chambers such as bell jars, cylindrical

metal chambers, and box metal chambers.

 Concept Vacuum Limited specialise in designing and manufacturing metal (usually

stainless steel 304) flanged chambers with doors and windows.

 Flanges are ISO standard to be compatible with other manufacturers parts. Other

chamber materials include aluminum, glass, Mu-metal and acrylic.



PV = nRT

where P is the pressure, V is the volume, n is the number of moles of substance in

that volume, R is a constant known as the "Universal Gas Constant" and T is

temperature.

On a normal day, the pressure of the atmosphere around you is commonly

designated as 1 atmosphere (1 atm), so P = 1 atm.

The volume that we will consider is a cubic meter, so V= 1 m3, and the temperature

is typically 25°C or 298K , R, the Universal Gas Constant, has a value in these same

units, of 8.205746 x 10-5 m3-atm/¡mole. This leaves only n, the number of moles of

material present in the volume, to be determined. Re-arranging the Ideal Gas

equation:

n = PV/RT = (1 atm x 1 litre)/( 8.205746 x 10-5 m3-atm/K-mole x 298K)

= 40.8945 moles

number of gas molecules in a m3 = n x NA = 40.8945 x 6.022 x 1023

= 2.4626849 x 1025 molecules in a cubic meter of gas at room temperature





 a vacuum is created when gas molecules are removed so that the density

of gas molecules in an enclosed space is less than the density of

molecules in the surrounding environment.



The basic evaporation process involves two steps:

(1) In a crucible, a hot metal source evaporates creating a vapor of metal

atoms.

(2) The metal atoms travel to the substrate and condense on the

substrate’s surface.

However, before this two-step process is performed, the chamber is put

under vacuum.

A vacuum condition ensures that metal atoms, once vaporized can travel

to the substrate without being impeded by other gaseous atoms or

molecules, or colliding with foreign particles that may react with them.

When evaporation is performed in a poor vacuum, or close to atmospheric

pressure, the resulting layer of metal is generally non-uniform both in

thickness of the deposition and quality of the material deposited.



In many applications that require pressures in the high vacuum and ultrahigh 

vacuum pressure regimes, 

in the semiconductor industry, complex manufacturing tools are needed for 

chemical vapor deposition and ion implantation. These tools are composed 

of multiple subsystems, one of which is the vacuum subsystem. 

In other applications, specialized tools such as electron microscopes utilize 

vacuum to establish the operating environment in which measurements can 

be made. 

Vacuum technology and the application of vacuum is so pervasive in our 

world today that without vacuum technology, we would not have many of the 

products we use



EFFECTS OF VACUUM ON MEAN FREE PATH

Benefits of a Vacuum

Produces a cleaner process environment

Increases mean free path

Controls the number of surface collisions

Lowers molecular density

Creates a force

Reduces heat flow

Increases vaporization

Protects materials



WAYS TO CREATE VACUUM:

1. Mechanically increase the volume of the enclosed space

2. Lower the temperature of the gas in the enclosed volume

3. Change from a gas to a solid when molecules strike a cold surface and

become immobilized

4. Change gas to a solid using chemically reactive material.

5. Remove gas molecules from the chamber.



VACUUM SYSTEMS – AN OVERVIEW

a simple vacuum system represented by

the block diagram shown in Figure. The

vacuum system consists of a vacuum

chamber that is connected to a vacuum

pump with an exhaust line. Between the

chamber and the vacuum pump is an

isolation valve to provide control when

gas is being removed and when it is not.

Connected to the chamber is a vacuum

gauge that allows us to monitor the gas

pressure in the chamber. A vent valve is

also attached to the chamber so that

when the isolation value is closed, the

chamber can be “vented,” allowing room

air to enter the chamber and return the

pressure to the ambient pressure outside

the chamber.

https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1944


Vacuum Chamber

The vacuum chamber is usually the focal

point in a process system. This is also

true in vacuum system design. The walls

of the chamber must be made thick

enough to withstand the forces exerted

by the atmosphere. In some cases, the

chamber may be strengthened by adding

additional supports, either internally or

externally.

Chambers can be constructed of metal, glass,

ceramic, or plastic components. Since all of these

materials outgas at different rates and subsequently

add to the total gas load, Materials that do not bond

well with water molecules and have a low vapor

pressure to reduce outgassing are ideal. Plastic

materials have higher vapor pressures than metals

and glass. So vacuum chambers constructed from

plastics cannot be used in high- and ultra-high-

vacuum applications. Metals such as stainless steel

and aluminum have low outgassing rates in the

range of 10-6 to 10-9 Torr-liter/sec-cm2.

https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1776




Vacuum Pumps

Vacuum pumps come in a variety of types and styles, and pump selection depends

heavily on the application in which the pump is used. Figure depicts a family tree of

vacuum pumps. Although not a complete family tree, it does show the variety of

vacuum pumps available



Vacuum pumps can be classified as either “gas transfer” pumps, or “capture”

pumps. Gas transfer pumps remove gas from the process chamber and expel

the gas into an exhaust system in the building. Gas molecules pass through a

transfer pump from an inlet to the outlet. In contrast, gas molecules taken in by

a capture pump are “captured” within the pump. Capture involves changing the

gas molecules in the gas phase to a solid by “freezing” them or chemically

reacting them with a chemically-reactive material such as titanium to form a

solid compound that can stick to the interior surface of the pump. In either

case, gas molecules are made immobile, so they are no longer part of the gas

load.

Gas transfer pumps fall into two classifications: positive displacement vacuum

pumps and kinetic vacuum pumps, also known as momentum transfer

pumps. Positive displacement pumps expand the effective volume of the

chamber, seal off the expanded volume, thus trapping and often compressing

the trapped gas, and then exhaust the trapped gas. There are two main types of

positive displacement vacuum pumps: reciprocating and rotary. Diaphragm

pumps and piston pumps are examples of reciprocating pumps, whereas rotary

pumps include rotary vane pumps, rotary piston pumps, and Roots pumps.

https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1889
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1887
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1805
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1893
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1879
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1894
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1874
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1878
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1881
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1878
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1880


Kinetic vacuum pumps include diffusion pumps and turbomolecular pumps, or

turbo pumps. A diffusion pump heats a special oil with a low vapor pressure and

then forces the oil vapor at high speeds through directional nozzles. Those high-

speed molecules collide with other molecules in the space. In those collisions, the

high-speed oil molecules transfer their momentum to the gas molecules they strike

and impart a velocity to the gas molecules, so they move in a direction away from

the chamber and are expelled from the pump. Turbo pumps use high-speed turbine

blades to also transfer their momentum to gas molecules and move them through

the pump. Both diffusion pumps and turbo pumps require a roughing pump to

expel the gas molecules from the pump and subsequently to the building’s exhaust

system.

Capture pumping methods create a vacuum by condensing or freezing gas-phase

molecules. Cryo pumps use this technique. Cryo pumps use very cold surfaces to

freeze the gas molecules, entrapping them on the inner surfaces of the pump.

Physical absorption is a technique used in cryogenic techniques. This technique

uses highly porous materials, such as activated charcoal, activated alumina, and

materials called zeolites, as gas sponges. The gas molecules travel into the porous

structure of the material and are entrapped within the pump.

https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1890
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1875
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1891
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1873
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1750




Vacuum Gauges

Measuring pressure in each regime requires converting a parameter associated with the gas

molecules’ behavior which is subsequently converted into a pressure readout. There is no one gauge

that alone and by itself is capable of measuring all pressures across the entire vacuum

regime. Vacuum pressure gauges differ with respect to their operating pressure range, accuracy, and

cost.

https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1830




Vacuum System Components

A vacuum system rarely consists of only a chamber, a pump, and a pressure gauge. Other

components are needed to connect these three system components and to provide control in

its operation. These additional vacuum piping components include control valves, nipples,

elbows, tees, reducers, crosses, couplings, seals, flanges, and feedthroughs.

https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1939
https://milnepublishing.geneseo.edu/introtovacuumtech/chapter/an-introduction-to-vacuum-systems/#term_53_1796


A Simple Rough Vacuum System



Rotary pumps 

work on the principle of positive displacement, where rotating

internal components (like lobes, vanes, or gears) trap and

transport fluid through a casing from an inlet to an outlet, creating

a steady, non-pulsating flow. As the components rotate, a vacuum

is formed, drawing the fluid into expanding cavities. The rotating

parts then carry the trapped fluid to the discharge side, where the

cavities decrease in volume, compressing and expelling the fluid.



1. Creating a Vacuum:
Rotating components, such as gears, lobes, or vanes, are housed within 
a close-fitting casing. As they rotate, they create an expanding cavity or 
space at the pump's inlet.

2. Trapping the Fluid:
This expansion generates a partial vacuum that draws the fluid into the 
spaces between the rotating components.

3. Transporting the Fluid:
The continued rotation carries the trapped fluid, now a pocket within the 
pump's internal cavities, from the inlet to the discharge side of the pump.

4. Displacing the Fluid:
At the discharge side, the cavities decrease in volume as the rotating parts 
mesh. This action compresses the fluid, forcing it out of the pump and into 
the connected piping.

5. Steady Flow:
Unlike reciprocating pumps, the rotating motion of these components 
provides a steady and continuous flow of fluid, making rotary pumps suitable 
for various applications.





A diffusion pump creates a high vacuum by using heated oil vapor

to entrain and direct gas molecules toward a backing pump, which

then removes them. The oil vapor forms high-speed, downward-

flowing jets that collide with gas molecules from the vacuum

chamber, carrying them into the pump's exhaust. The oil vapor

then condenses on the water-cooled inner walls of the pump,

liquefies, and flows back to the heating section to repeat the

cycle.



Components and Process

1. Boiler and Heating: A low-vapor-pressure oil in the pump's bottom is heated to boiling,

turning into a vapor.

2. Vapor Jet System: The oil vapor rises through a jet assembly, which contains nozzles that

direct the vapor in a high-speed, downward-flowing, supersonic jet.

3.Entrainment: Gas molecules from the vacuum chamber are caught by these fast-moving

oil vapor jets and carried along.

4. Condensation and Return: The oil vapor, after carrying the gas molecules, hits the cooled

inner walls of the pump, where it condenses back into a liquid.

5. Backing Pump: The condensed oil flows down the walls and returns to the boiler for

reheating, while the entrained gas molecules are directed toward the pump's exhaust

port. A backing pump (a mechanical pump) then removes the gas molecules from the

diffusion pump's exhaust to create a high vacuum.




