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Chapter VII: Cold plasma reactorsChapter VII: Cold plasma reactors

•“Thin film processes”, J.L. Vossem and W. Kern editors, 
Academic Press (1978). ISBN:0-12-728250-5.

•“Industrial Plasma Engineering”, J.R. Roth, Institute of 
Physics Publishing, (1995). ISBN: 0-7503-0317-4

•“Principle of plasma discharges and materials processing”, M. 
Lieberman and A.J. LIchtenberg, (2005), ISBN: 0-471-72001-
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Several subsystems including:
•Gas supply: gas in high pressure cylinder or liquid/solids with 
high vapour pressures.
•Mass flow controllers
•Vacuum pumping and measurement system:
•Operating pressures: 1x10-4  ~10 torr
•Measurement systems: capacitance gauge
•Plasma reactor
•Power supplies: twofold: excite the plasma, control the bias.
•Safety devices: Corrosive, highly toxic, flammable or explosive 
gas
•Flow limiters, Flashback attesters, Scrubbers, ....

1. Plasma systems1. Plasma systems
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2. Gas/liquid suppliers2. Gas/liquid suppliers

2.1 Gas flow controllers
Control carrier gases, reactive and purging gases.

MF are calculated by measuring the change in gas 
temperature as it passes through the heater.
Typically, MFC’s are calibrated at the manufacturer’s 
facility for nitrogen gas. For other gases, it is 
necessary to use a gas correction factor.
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2. Gas/liquid suppliers2. Gas/liquid suppliers
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2. Gas/liquid suppliers2. Gas/liquid suppliers
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2. Gas/liquid suppliers2. Gas/liquid suppliers

2.2 Liquid flow controllers

Liquid reactant:
TEOS (Si(OC2H5)4)
TMA ((CH3)3Al)

Heated bottle
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3. Reactors and deposition3. Reactors and deposition

Characteristics: 
•Electrode spacing: 5 -10 cm,
•Abnormal glow discharge between the electrodes,
•Ground shield to promote a uniform erosion rate of the target,
•Discharge current: at the cathode  ions; at the anode:  electrons,
•Typical operating conditions (Ni + Ar):
•Cathode current density: 1 mA/cm2,
•Discharge voltage: 3000 V,
•Ar pressure: 100 mTorr,
•Deposition rate: 40 nm/min.
•Energy of incoming particles on the substrate is low,
•Sputtered-atom transport within the negative glow is by diffusion,
•Large substrate heating effects.

3.1 DC-DIODE system
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3. Reactors and deposition3. Reactors and deposition

3.2 Magnetron system

Magnetron sputtering 
sources provide - relatively 
high deposition rates, larger 
deposition areas and low 
substrate heating
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3. Reactors and deposition3. Reactors and deposition

3.2.1 Balanced magnetron system

Characteristics:
• Electrode spacing: 5 -20 cm,
• Typical transverse magnetic field: 40 - 400 G.
• Typical operating conditions (cylindrical magnetrons):

Power density: 10-30 W/cm2,
Discharge voltage: 400 V,
Ar pressure: 1-5  mTorr,
Deposition rate: 1000 nm/min (Cu),
Erosion rate: 1 μm/min.

• Energy of incoming particles on the substrate is high,
• Small substrate heating
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Magnetron sputteringMagnetron sputtering
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3. Reactors and deposition3. Reactors and deposition
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Current voltage relationship:

3. Reactors and deposition3. Reactors and deposition
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Deposition rate:

3. Reactors and deposition3. Reactors and deposition
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The amount of particles sputtered from the target surface is:

where : j (mA/cm2),  M atomic weight, ρ (gr/cm3), S sputtering yield.

Where K is a constant depending on geometrical considerations 
(distance cathode-substrate) and scattering of target atoms by gas in 
the plasma (pressure): K  (pD)-1

If we assume a linear relationship for S between 300 to 800 V, R is 
proportional to W.  

RE is a useful concept for optimizing the deposition conditions, 
magnet arrangement, source-substrate spacing, ...

The deposition rate(R) on the substrate is:

.R = K E

The deposition rate efficiency (RE) can be defined as:
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3. Reactors and deposition3. Reactors and deposition
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3. Reactors and deposition3. Reactors and deposition

Factor limiting R:

•Max power applied to the cathode: 100 W/cm2

•Sputter gas pressure:
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Novembre 2008 VII.17 Plasma, S. Lucas

3. Reactors and deposition3. Reactors and deposition

3.2.2 Unbalanced magnetron systems

Electron and ion bombardment.
- In conventional DC or RF sputtering, secondary 
electrons emitted by the cathode are accelerated 
within the dark space and will bombard the substrate 
with almost the full energy of the cathode potential 
(unless substrate is biased or shielded).

- In magnetron mode, the fast electrons are confined 
by the magnetic field close to the target. The thermal 
electrons created in the plasma are collected by the 
anodes.

Novembre 2008 VII.18 Plasma, S. Lucas

3. Reactors and deposition3. Reactors and deposition

Unbalanced DC magnetron

Cathode Cu, gaz : C2H2 + He

Magnétron droit Magnétron droit + 
blindage
avec plaques 
épaisses

Magnétron droit sans 
aimants à gauche
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3. Reactors and deposition3. Reactors and deposition

Unbalanced DC magnetron

-22  -100264-311-25  -33400  540II
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Plasma probe results for a 300 mA discharge, with a 100 mm 
diameter probe at 6 cm away from the cathode.
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3. Reactors and deposition3. Reactors and deposition

Unbalanced DC magnetron

Effect of substrate bombardment



Novembre 2008 VII.21 Plasma, S. Lucas

anode covered with
reaction products

target/cathode
(electrically conductiv)

reaction products

magnet arrangement

cooling system

erosion track

S SN

thin layer of
reaction products

Ex: Al target + Ar + O2

3. Reactors and deposition3. Reactors and deposition

3.2.3 Reactive sputtering
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3. Reactors and deposition3. Reactors and deposition



Novembre 2008 VII.23 Plasma, S. Lucas

T
en

si
on

 c
at

h
od

iq
u
e

P
re

ss
io

n
 p

ar
ti

el
le

 d
e 

ga
z 

ré
ac

ti
f

T
au

x 
d
e 

p
u
lv

ér
is

at
io

n

CM MC

Figure 1 - 20 : illustration des variations de la pression partielle, de la tension 
cathodique et du taux de pulvérisation en fonction du flux de gaz réactif introduit au 
sein d’une décharge cathodique [Hf98].

Ar + gaz reactif

3. Reactors and deposition3. Reactors and deposition
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Reactive deposition: TiO2 case



Novembre 2008 VII.25 Plasma, S. Lucas

Vancoppenolle et al, J. Vac. Sci. Technol. A 17-6,1999, 3317.

Ti - Ar/O2

Reactive deposition: TiO2 case 

3. Reactors and deposition3. Reactors and deposition
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Consider just the black points
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Berg’s Model (JVST, A 5(2) 1987)(SCT, 49(1991)336): 

N2
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Figure 1 - 23 : Schéma illustrant les flux de gaz réactif entrant et sortants.
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Figure 3 - 16 : présentation des résultats du modèle de Berg où est ajouté la 
mesure de l’évolution de la vitesse de dépôt du nitrure de titane (cercles) en 
fonction du flux de gaz réactif avec la pression et la puissance au sein de la 
décharge cathodique constante (p = 0.27 Pa et P = 11.7 W/cm²) dans l’enceinte du
LARN (d = 150 mm) avec une géométrie ouverte et dans l’installation LH560
(carrés). 
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Figure 3 - 17 : évolution de la vitesse de dépôt du nitrure de titane en 
fonction du flux de gaz réactif à pression totale et puissance relative 
maintenues constantes au sein de la décharge cathodique (p = 0.27 Pa & 
P = 11.7 W/cm²) dans l’enceinte du LARN (d = 150 mm) avec une géométrie 
fermée et une injection Ar et N2 différenciée (la courbe ne sert qu’à guider 
l’œil).
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Figure 4 - 13 : mesures colorimétriques présentées dans le plan a*,b* pour 
différentes couches TiNx (200 nm, 11.7 W/cm², 0,27 Pa) recouvrant du Si 
monocristallin poli et réalisées sous différents flux N2 comme indiqué en regard 
des points de mesure dans les deux enceintes de dépôts (cercles pleins dans  
LH560 et cercles ouverts au LARN) . Les carrés représentent quelques données 
de référence tandis que les triangles gris reprennent les données obtenues en 
fonction de l’épaisseur de la couche TiNx déposée.
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Figure 6 - 7 : évolution de la nano-dureté des films en fonction du N2 
pour du TiNx (500 nm, 0.27 Pa, 11.7 W/cm²) déposé sur substrat de 
silicium poli et de fer noir non poli.
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• Rapport m/z : N2
+ et CO+ ont le même m/z !

• Ions «exotiques » car chimie en phase gazeuse hors 
équilibre :  

– ArH+ (m/z = 41), Ar2
+ (m/z = 80), TiN+(m/z = 62)…

• Répartition isotopique aide à l’identification :
– Ti+ à m/z = 46, 47, 48, 49, 50.  Valable aussi pour TiN+ . 
– Ar+ à m/z = 36, 38 et 40

TiN: mass spectrum (From S. Konstandinis, UMH)TiN: mass spectrum (From S. Konstandinis, UMH)

3. Reactors and deposition3. Reactors and deposition
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3. Reactors and deposition3. Reactors and deposition

3.2.4 Pulsed magnetron

Avoid arcing and increase substrate bombardment

Bipolar Technology

Dual-Magnetron-Sputter
(DMS system)

Unipolar Technology

Single-Magnetron-Sputter
(SMS system)

Magnetron

unipolare
pulse unit

magnetron
power supply

Magnetron Magnetron

bipolare
pulse unit

magnetron
power supply

•Avoiding of arcing, Avoiding disappearing anode, Increasing
plasma density at the substrate
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• Multiple mechanism promote the 
formation of arc:
– Localized charging at the surface of 

the target (inclusions or impurities, 
insulating area, …)

– Charge accumulation (Ion 
bombardment)

– Electric field exceeds dielectric 
strength

– Discharge toward the closest 
conductive point

3. Reactors and deposition3. Reactors and deposition
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• Insulators can be sputtered for a short 
time by DC PSU.

Metal:

Ar+

Ar

Ar

Conductive target: 
plenty of 
electron 

(VB and CB)

3. Reactors and deposition3. Reactors and deposition
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DC sputtering of insulator

Ar+

Ar+

Non conductive target: 
No electron available 

----------------------

Positive charges at the 
surface of the insulator

+++++++++++++++

Potential image develops
 Attach more + charges
 + potential increase

Conductive 
backing plate

Ar+

1

2

3

Sputtering 
stops

E >> Dielectric
strength

Breakdown
(Claquage)

Plasma 
Off

SiO2: 9 MV/cm

3

3. Reactors and deposition3. Reactors and deposition

Ar+
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Breakdown:

Arc

Arc

+++
+++

And

+++
+++

Micrometer particules can 
be ejected

Local melting can occur

Unneeded particulates in the films and potential holes 
in the films

3. Reactors and deposition3. Reactors and deposition
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Causes of arcs

• Small local disruption at the cathode 
surface:
– Inclusions as gas pockets, voids, grain 

boundaries, oxides, …

– Magnetic dirt attracted by magnetic field

– Adsorbed contaminants (Water, …) coming 
out of the target causing local pressure 
variations,

– Local Surface Temperature variations -> 
thermal electrons (Poor bond, cooling channel 
blocked, …)

– …

3. Reactors and deposition3. Reactors and deposition
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3. Reactors and deposition3. Reactors and deposition

Typical arc profile (Al2O3) (cpy, AE)

Arc management by the PSU

• Materials with relatively high melting point, such 
as Ti, Ta, and Cr have a very low tendency to arc, 
while materials with relatively low melting point, 
like Cu and Al, have a higher tendency to arc.
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Why pulsed plasma ?

Race track

Insulator (e.g. Al2O3)

Al

d

A
C T 0

TAJVCQ ... 

and

d

V
E 

J

Eb..
breakdown for  Time 0t 



For Al2O3: t = 10, Eb = 108 V/m

T = 50 µS for 100 mA/cm2

It does not depend on thickness of the insulator

If pulsed at 20 kHz, arc formation is prevented

3. Reactors and deposition3. Reactors and deposition
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3. Reactors and deposition3. Reactors and deposition

270 kW

Average: 3300 W

Pulsed PSU
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3. Reactors and deposition3. Reactors and deposition

3.2.5 Special magnetron
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3. Reactors and deposition3. Reactors and deposition

3.3 RF Reactors

The operating frequency is usually 13.56 MHz, or higher 
harmonics. (Alloted by the International Communication 
Authorities).
The generators are designed to operate at constant output 
impedance  50 Ω.  Since the impedance of glow discharge 
depends on plasma parameters, a matching unit is necessary to 
reduce as much as possible the reflected power.

3.3.1 Electrodeless discharges

Power is coupled to the plasma across a dielectric window or all. 
Since no powered electrodes are present within the plasma, there is 
only low voltage (20  40 V) across all plasma sheaths at 
electrodes or wall surfaces.
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3. Reactors and deposition3. Reactors and deposition

RF Reactors

Electrodeless discharges
a: inductive, b,c: capacitive

Inductive, CH4 & Ar plasma

é are accelerated by the induced electric field inside the coil
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3. Reactors and deposition3. Reactors and deposition

RF Reactors

Inductive, CH4 & Ar plasma
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3. Reactors and deposition3. Reactors and deposition

RF Reactors

Inductive

Hopwood, 1993
Gogyak, 1994 Novembre 2008 VII.48 Plasma, S. Lucas

3. Reactors and deposition3. Reactors and deposition

3.3.2. RF Reactors with electrodes

•Discharge mainly confined between the electrodes.
•Possible plasma contamination with atoms sputtered from electrodes
•Careful gas distribution must be achieved.
•Impossible to dissociate ion energy and flux.

When both electrodes are insulated 
from the walls.

Each electrode and the reactor wall 
can be powered independently, and 

each be biased, floating or grounded. 
 control of ion energy and flux.

Diode

Triode
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3.4 Microwave reactors

Microwave must be transmitted though wave guides, whose cross 
section is determined by the wavelength of the microwave (2.45 
GHz=7.21 cm).

1: A microwave PSU of constant frequency but variable power
2: A circulator to protect the PSU from large reflected power due to 
unmatched µW applicator
3: Meters to monitor both incident and reflected power
4: An impedance matching unit

µW applicator:

3.4.1 Non ECR microwave reactors
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3.4.2 ECR Microwave reactors

•Since electrons diffuse faster than  ions into the processing 
chamber, they create an electric field which causes the 
extraction of ions.
•Sometimes, additional magnetic field is added close to the 
sample to achieve better control of ion direction and confine 
the plasma.
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When additional ion energy control is needed:


