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Thin Film Deposition

Essential Step of Modern
High Technology

Overview of Deposition Methods
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Fundamentals of Film Deposition

• Gas Kinetics
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Fundamentals of Film Deposition

• Thermodynamics
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Fundamentals of Film Deposition

• Thermodynamics
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Physical Vapor Deposition

PVD involves the following sequence of steps:  
1) the material is converted into vapor by heating; 
2) the vapor is transported from its source to the substrate in a vacuum 
3) the vapor condense on the substrate and forms the thin film. 

The advantages of PVD by evaporation are:  
1) high purity of the thin film thanks to the high-vacuum environment;
2) no substrate damage from impinging atoms during the thin-film formation 
(unlike sputtering that produces some damage because of high-energy 
particles); 
3) high deposition rates; 
4) relatively small substrate heating.
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Physical Vapor Deposition

pumping
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shutter
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collisions
with residual gas
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Physical Vapor Deposition
• Vacuum Chamber

http://www.fz-juelich.de

LN2 oil-vapor trap
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Physical Vapor Deposition
• Uniformity
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Uniformity
• Lower deposition rate gives better uniformity, but increases risk for 

contamination in low-vacuum chambers.
• Larger distance from the source to the substrate improves uniformity, 

but also lowers the deposition rate.
• Rotating holder improves uniformity

Physical Vapor Deposition
• Alloys

When evaporating alloys
the composition changes
with time of evaporation

One can compensate
for the changes



2005-04-20

A. Yurgens 6

Physical Vapor Deposition
• Co-evaporation

shadow problems...

Lateral composition change 

Physical Vapor Deposition
• Deposition Rate

• The deposition rate depends on the position and orientation of the 
substrate in the chamber.

• The evaporation rate �e is the rate at which a material vaporizes. 
It can be calculated according to the equation :

where M is the molecular mass, Pv is the vapor pressure, 
and T is the temperature.  

• A reasonable deposition rate  (0.1 mg/cm2 s) requires a vapor pressure 
above 10-2 torr.  

• Refractory metals, such as W, need temperatures in excess of 3000�C 
to reach such a vapor pressure.  Other metals, for instance Au, Ag, Cu, In, 
require much less heating.
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Physical Vapor Deposition
• Sources

Resistive boats: refractory metals W, Ta, Mo
ceramic crucible or ceramic coating

• Alloying of material with boat
(Al-W)

• Metals can wet boat

Possible contamination from
boat or crucible

Physical Vapor Deposition
• E-Beam Evaporation

• Heat conduction of the hearth limits 
temperature

+ No reaction between the hearth and the
evaporated material; many materials can
be evaporated, like W, Mo, Al2O3, SiO2

High power density: 10 kV, 1.5A, 0.2-1cm2 � 15-75 kW/cm2

thermal conduction + evaporation + electron reflection + radiation losses
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Physical Vapor Deposition
• Web Coating

Problems: plastic film can melt if the deposition rate (=energy flux) is too high

Clean and high-density vapor flux 
in e-beam PVD systems

Sputtering
• The impact of an atom or ion on a surface produces sputtering from the 

surface as a result of the momentum transfer from the in-coming 
particle. Unlike many other vapor phase techniques there is no melting
of the material. 

History of Sputtering
• The verb to SPUTTER originates from Latin SPUTARE (to blow one´s

noise). 
• Grove (1852) and Plücker (1858) were first to report vaporization and 

film formation of metal films by sputtering.  
• Key to understanding sputtering was discovery of electrons and positive 

ions in low pressure gas discharges and atom structure (J.J. Thomson, 
Rutherford), 1897--

http://www.gencoa.com/tech/whatsputtering.html



2005-04-20

A. Yurgens 9

Sputtering yield

E < 1keV; U0 =binding energy

Sputtering

http://www.angstromsciences.com/technology/sputtering.htm

http://www.msi-pse.com/

Magnetron sputtering
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Sputtering

• Step coverage

www.oxfordplasma.com

http://www.dimes.tudelft.nl/

important that the film
is continuous at the step

Sputtering

Pros:
• Good coating and step coverage
• Preserves stoichiometry of multi-component compounds
• Good adhesion
• Majority of materials, ceramics, and refractory metals

Cons:
• Relatively low deposition rates
• Substrate heating
• Targets wear out non-uniformly � costs
• Gas atoms may be incorporated in film
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Sputtering systems

DC glow discharge

Vdc ~ 500-5000 V; P ~20-100 mTorr;
To increase the deposition rate one should
increase P, but after a certain threshold the
rate decreases due to scattering upon gas
atoms or molecules

Cons: limited to conductive materials

Sputtering systems
RF sputtering

• Negative self-bias due to mobility 
difference

• Higher ionization level; electrons 
stay longer in plasma

Pros: not limited to conductive materials



2005-04-20

A. Yurgens 12

Sputtering systems
Ion-Beam Sputtering

Pros: 
• I and V controlled independently
• Angle of incidence can be changed

Pulsed-Laser Deposition
1 J/pulse; 3-5 J/cm2

several targets �many-component materials
tailor-made properties
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Pulsed-Laser Deposition

on-axis
+ stoichiometry
- particles

off-axis
+ less particles
- stoichiometry

Pulsed-Laser Deposition

- MC2- PLD “Twin” system

- MC2- PLD “Calas” system
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Pulsed-Laser Deposition

Pulsed-Laser Ablation
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Pulsed-Laser Ablation
Laser ablation with conventional lasers (Nd:Yag, CO2…):
-The laser pulses are absorbed if their wavelength is coupled with the material.
-The absorbed energy is transferred into heat
-The heat vaporizes the material and there is local ablation
Cons: The quality of ablation depends strongly on the laser wavelength.

Femtosecond laser:
-The photon density is so high at focus that a single electron can 
absorb several photons
-The absorbed photons allow electrons to reach the ionization-energy levels
-The ejected electrons hit other atoms, and amplify ionization
-All the energy is evacuated with the electrons and a cold plasma
remains at the machined spot
-The cold plasma expands from the sample
All this happens in a few femtoseconds. 
There is no time for heat to propagate over more than a few nanometers. 

Pros for machining:
-No thermal damage: High machining quality, heat sensitive material machining 
-High accuracy: down to 100nm 
-No wavelength dependence: any material can be ablated

Chemical Vapor Deposition 
(CVD)

Energy
(heat, plasma...)

substrate

Source gases 

Reactor

Gaseous products
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CVD

CVD is used to grow a thin layer of
advanced materials on the surface of a 
substrate

Applications:
• integrated circuits, optoelectronic 

devices and sensors
• catalysts
• micromachines, and fine metal and 

ceramic powders protective coatings

CVD monopolizes the thin film 
deposition
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CVD Reaction Types

• Pyrolysis
• Reduction
• Oxidation
• Compound formation
• Disproportionation
• Reversible transfer

Pyrolysis

C)(650      H2SiSiH 2(g)(s))g(4
�+→

C)(180      4CONiNi(CO) (g)(s))g(4
�+→

Silane

Ni carbonyl

amorphous

chemical decomposition or change induced by heat 
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Reduction

C)(1200      HCl4SiH2SiCl (g)(s)2(g))g(4
�+→+

epitaxial

any process in which electrons are added to an atom or ion 
(as by removing oxygen or adding hydrogen); 
always occurs accompanied by oxidation of the reducing agent  

In cooking, reduction is the process of thickening a sauce by evaporation. 

C)(300      HF6WH3WF (g)(s)2(g))g(6
�+→+

C)(300      HF6MoH3MoF (g)(s)2(g))g(6
�+→+

Oxidation

C)(450      H2SiOOSiH (g)2(s)22(g))g(4
�+→+

Silane

is any electrochemical process which involves the formal oxidation 
state of an atom or atoms (within a molecule) being increased by
the removal of electrons. E.g. iron(II) can be oxidized to iron(III):  

C)(1500      HCl4SiO

OH2SiH

(g)(s)2

2(g)2(g))g(4

�+→

→++
soot

C)(1000      HCl6CO3OAl

CO3H32AlCl

(g)(g)(s)32

2(g)2(g))g(3

�++→

→++
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Thermal CVD Films

• Thermal effect of a reaction only depends on
initial and final states and does not depend on
intermediate processes (Hess, 1840)

Thermodynamics of CVD

Chemical Reactions
• The Gibbs free-energy function G:  G = H – TS, and  �G = �H - T �S
• 2nd Law of Thermodynamics: spontaneous reactions occur at P , T = const 

if �G < 0

implies that the chemical equilibrium is attained; may not be true for flow reactors!

enthalpy entropy

(Hess, H.I.)
(1802 - 1850) 

(Gibbs, J. W.)
(1839 - 1903)
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Thermodynamics of CVD
Chemical Equilibrium
• The Principle (Le Châtelier 1884):

If the conditions of a system, initially at equilibrium, 
are changed, the equilibrium will shift in such a direction 
as to tend to restore the original conditions
(counter reaction)

(Le Châtelier, Henri-Louis)
(1850-1936)

N2 (g) + 3H2 (g) � 2NH3 (g) + heat 

"I let the discovery of the ammonia synthesis slip through my hands. 
It was the greatest blunder of my scientific career." Le Châtelier

1901

1906:
Haber & Claude 

200 bar; 600CP �

� T

Law of Mass Action (Waage & Guldberg 1867)

• aA + bB + ... � xX + yY + ...
• [forward rate] � k1 [A]a [B]b ...

• [reverse rate] � k-1 [X]x [Y]y ...

• in equilibrium, k1 [A]a [B]b ... = k-1 [X]x [Y]y ...
(Waage, Peter)

(1833-1900) 
(Guldberg, Cato)

(1836-1902) 

Gas Transport

• film thickness uniformity

• growth rates

• efficient utilization of process gases

• computer modeling of CVD reactor

Issues:

• Viscous flow                (moment transfer)

• Diffusion                      (particle transfer)

• Convection
• Thermal conductivity   (energy transfer)
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Gas Transport Viscous Flow
(laminar)

1 sec
1 cm2

Momentum flow, �
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(rate of momentum equalization)

ρ
ην =

Viscosity (kinetic)

Tells about rate of velocity equalization

density
(velocity diffusion)

[ ]
s

cm2

=ν

��(20 C)

1215glycerine

0.00140.016Hg

0.010.01water

0.151.8 e-4air For gases, � ~ mnVl ~ mV/�
(� is the cross section)

+strong temperature dependence

1 Poise

Gas Transport, everything included
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Film Growth Kinetics
Axial Growth Uniformity
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Thermal CVD
Atmospheric-Pressure Systems

“APCVD”

C1200850  8HCl;2TiN4HN2TiCl 224
�<<+�++ T

C850700  4HCl;CHN)2Ti(C,5/2H CNCH2TiCl 4234
�<<++�++ T

High temperatures:

22
C450

24 2HSiOOSiH + →+
�

productsbySiO)HSi(OC 2
C007

452 −+ →
�

Low temperatures: Low-Pressure Systems
“LPCVD” (1-10 mTorr)
• dense packing of wafers
• high deposition rates
• improved uniformity
• better step coverage
• fewer pinholes
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Thermal CVD
Metalorganic CVD

“MOCVD”
Laser-Enhanced CVD

“LECVD”

CVD Reactor Types
APCVD
± mass-transport limited region
+ fast deposition
– poor step coverage

LPCVD
± surface reaction rate limited
+ excellent purity, uniformity and

step coverage
– low deposition rates
– requires vacuum system

Cold-wall
+ no reaction on the wall
– difficult to control the real T

Hot-wall
– particle contamin. (peel off)
– requires periodic cleanup

• Chamber pressure:
- atmospheric-pressure (APCVD)
- low-pressure

* LPCVD
* PECVD

• Reactor heating:
- Hot-wall
- Cold-wall

Reaction Mechanism
• mass transport, when P and T are high
• surface reaction, when P and T are low
• possible to switch from one to another

by changing P or T
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Plasma-Enhanced CVD

Plasma can lower
deposition T

ECR vs RF:
• denser discharge
• lower pressures
• higher degree of
ionization

• absence of electrodes

FIB-Enhanced CVD

FEI Strata™ DB-STEM - Delivers integrated sample preparation, ultra-high resolution 
STEM imaging and microanalysis below 1nm, for high throughput semiconductor 
and data storage labs 

http://www.feic.com/products/strata-235m.htm
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Selective CVD

46 3SiF2W3Si2WF +→+C)(300   6HFW3H2WF 26
�+→+

SAFETY
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To be continued ...

• Epitaxy
• Thin-Film Nucleation & Growth


