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Abstract

A summary is given of different elementary processes influencing the thermal balance and energetic conditions of

substrate surfaces during plasma processing. The discussed mechanisms include heat radiation, kinetic and potential
energy of charged particles and neutrals as well as enthalpy of involved chemical surface reactions. The energy and
momentum of particles originating from the plasma or electrodes, respectively, influence via energy flux density

(energetic aspect) and substrate temperature (thermal aspect) the surface properties of the treated substrates. The
various contributions to the energy balance are given in a modular mathematical framework form and examples for an
estimation of heat fluxes and numerical values of relevant coefficients for energy transfer, etc. are given.

For a few examples as titanium film deposition by hollow cathode arc evaporation, silicon etching in CF4 glow
discharge, plasma cleaning of contaminated metal surfaces, and magnetron sputtering of aluminum the energetic
balance of substrates during plasma processing will be presented. Furthermore, the influence of the resulting substrate
temperature on characteristic quantities as etching or deposition rates, layer density, microstructure, etc. will be

illustrated for some examples, too. r 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

At present plasma processing of materials is one
of the fastest growing branches in plasma physics
and has got a prominent position in the rather new
field of applied surface science. In particular,
plasma–wall interactions are of great importance
in a large variety of applications of low-tempera-
ture, low-pressure plasmas in such fields as
etching, deposition and surface modification of
thin films. In these processes the thermal and

energetic conditions at the substrate surface play a
dominant role.
In detail, low-temperature plasma processing of

solid surfaces is mainly affected by the following
parameters:

* energy per incoming particle (Ev), which is
related to energy transfer,

* particle flux density to the substrate ( jv), which
is related to momentum transfer,

* energy flux density (Jv ¼ jvEv), representing a
key parameter for the energetic conditions at
the surface, and

* temperature of the substrate surface (TS), which
results from the inner parameters (Ev; Jv)
mentioned above and which reflects the thermal

*Corresponding author. Tel.: +49-3834-864-752; fax: +49-
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balance at the surface as a macroscopic
quantity.

The surface temperature TS, which can also be
influenced by external heating, effects elementary
processes like adsorption, desorption and diffusion
as well as chemical reactions (chemical sputtering,
surface film reaction) [1–4].
On the other hand, especially in the case of thin

film deposition, the structure and morphology as
well as the stoichiometry of the film depend
strongly on the energetic conditions (Jv) at the
surface, see for example [1,5–10]. The surface
diffusion of adsorbed atoms can be enhanced,
which may result in a rearrangement of deposited
atoms [11,12]. Bombardment of a growing film
with low-energy ions results in a modification of its
properties, see for example [13].
It should be emphasized, that in addition to

external heating the surface temperature TS is
influenced by the energy flux resulting from
energetic particle bombardment, chemical surface
reactions and heat radiation [14–17]. By a suitable
variation of the experimental conditions the
different contributions to substrate heating can
be separated and studied independently.
In general, the energy transfer between plasma

and solid is a very complex mechanism. In the case
of thermal plasmas the transfer can be described
by means of classical terms as thermal conductiv-
ity and heat transfer coefficients. However, for
non-equilibrium plasmas such an approach is not
possible because the term ‘‘heat’’ has no precise
meaning. In those plasmas the thermal conditions
at the surface must be described by a detailed
energy balance, which considers the different heat
sources and heat losses [18–21].
Besides radiation from the environment (plas-

ma, walls), the energy fluxes consist of kinetic
energy and potential energy of the incoming
particles. The distribution of the several energetic
contributions depends on the discharge conditions
and the substrate potential. Therefore, the experi-
mental investigation of plasma–wall interaction
due to energy transfer in technological plasma
processing requires sophisticated measurements
[20,21].
In the first part of the present paper we will

attempt to give a methodological description of

relevant channels for substrate heating and surface
modification, respectively, and their transfer me-
chanisms. Such a general description shall help to
estimate the energy transfer from plasmas to solid
surfaces and, thus, the estimation of the thermal
conditions at substrates during plasma processing.
In the following section (Section 3) various
methods for an experimental determination of
thermal quantities as heat fluxes and surface
temperature are described.
In order to illustrate the influence of the thermal

and energetic conditions at the substrate surface,
in Section 4 some examples for temperature
dependencies of etching and deposition as well as
for the changes of the surface properties by
energetic particle bombardment are presented.
Finally, implementations of the models for a few
specific, experimentally studied plasma–substrate
systems will be described in this part. Examples for
such systems are plasma polymerization of ben-
zene, deposition of TiNx by hollow cathode arc
evaporation, magnetron sputtering of thin alumi-
num films, CF4-plasma etching of silicon, and
plasma cleaning of lubricant-contaminated metal
surfaces.

2. Energy balance at the substrate surface

2.1. Contributions to the integral energy influx

When a plasma acts on a solid surface the
surfaces are heated due to energy transfer which
can be described by a balance of the involved
energy fluxes. In general, the total power input ’Qin

at the substrate surface is the surface integral over
the sum of different contributions Jv (energy flux
per time and area):

’Qin ¼
Z

ðJrad;1 þ Jch þ Jn þ Jads þ Jreact;1

þ Jext;1Þ dA: ð1Þ

Jrad ;1 is the heat radiation towards the surface, Jch
is the power transfered by charge carriers (elec-
trons and ions), and Jn is the contribution of
neutral species of the background gas and the
neutral particles contributing to the film growth.
The latter terms in Eq. (1) are energy released by
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adsorption or condensation (Jads) and the reaction
energy of exothermic processes including molecu-
lar surface recombination (Jreact;1). Additionally,
also power input by external sources (Jext;1)
influences the thermal balance of the substrate.
In the following the different contributions to

the integral heat influx during low-temperature
plasma processing will be described in a general
way.

2.1.1. Heat radiation (Jrad;1)
Radiative energy sources in plasma processing

might be the surrounding surfaces (e.g. reactor
walls, enclosure), hot material sources (e.g. cruci-
bles) and the gas/plasma radiation itself. Hence,
heat radiation Jrad;1 becomes important in high-
temperature plasmas and/or if the temperature of
the reactor walls is high due to external heating as
for example in plasma enhanced chemical vapor
deposition (PECVD). Also in evaporation pro-
cesses where molten materials are employed for
thin film deposition (e.g. electron beam evapora-
tion, hollow cathode arc evaporation [20]) the heat
radiation of the crucible can be an essential
contribution to the global energy balance of the
substrate treated.
The heat radiation Jrad;1 from such a hot source

can be generally written as

Jrad;1 ¼
Z

eðl;Trad ÞaSðl;TSÞWðl;Trad ÞArad

f ðArad ;ASÞ dlEsðeT4
rad@eST4

SÞ ð2Þ

Here eðl;TradÞ is the spectral emittance of the
radiation source at temperature Trad and aSðl;TSÞ
represents the spectral absorptance of the sub-
strate surface at temperature TS. Wðl;Trad Þ is
the Planck radiant emittance at Trad , while
s ¼ 5:67�10@8 Wm@2K@4 denotes the Stefan–
Boltzmann constant and l the wavelength. The
factor f ðArad ;ASÞ marks a configuration factor
for radiation traveling from the radiation source
(e.g. crucible) of an area Arad to the substrate of an
area AS, which can be assumed in the most simple
case as f ðArad ;ASÞB1=d2 (d the distance between
heat source and substrate).
In general, Eq. (2) involves terms containing

complicate integrals concerning the wavelength

and the configuration factor. In order to simplify
the integral two assumptions should be made [15]:

1. the emissivity of radiation sources (reactor wall,
materials in the crucible) is independent of the
wavelength l and the grey-body assumption is
used in the derivation of Stefans’s law,

2. the spectral absorptance of the substrate is
essentially independent of its temperature.

More detailed analytical methods are employed
in global modelling of radiative heat transfer
in crystal growth furnaces, see for instance [22].
In view of the geometrical complexity of common
plasma reactor systems and the non-linearity of
the problem of radiative energy transfer an
approach can be based on the net-radiation
method. In this method the enclosure of the
substrate is divided into a number of isothermal
patches, while the radiative transfer is calculated
between every pair of such patches. The exchange
areas produce the relationships between net fluxes
and radiative emitted fluxes, which result in a
matrix relationship between net fluxes and fourth
powers of temperatures on the enclosure. The
cross-section of the radiating areas are mostly
simplified by finite symmetric elements.
In a more empirical way, Dey et al. [23]

investigated the heat exchange between evapora-
tion source, substrate and enclosure at electron-
beam evaporation of silicon films using an
electrical model for the first time. This model of
radiative heat transfer processes involves resis-
tances representing the bodies of the heat inter-
action as an electrical circuit.
In most cases it is sufficient to take into account

the simplification as, mentioned above, which
yields the Boltzmann formula for heat transfer
by radiation:

Jrad ;1 ¼ sðeT4
rad@eST4

SÞ: ð3Þ

Usually, the contribution of heat radiation from
hot surfaces in a common low-temperature plasma
reactor is small, but in some applications in
combination with CVD or arc evaporation
(like in hollow cathode arc evaporation, see
Section 4.1.2) it can amount up to several tens of
percent.
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Besides radiation from the enclosure walls or
evaporation sources there are also radiative con-
tributions from excited species of the plasma in
form of photons ranging from IR to UV.
However, it is very difficult to measure and to
calibrate this contribution on the integral energy
flux.
Integration of spectral radiative transfer proper-

ties over the entire optical spectrum of complex
multi-component plasmas in any point of space
taking into consideration variable fields of tem-
perature is practically impossible. In [24] an
asymptotic integral method of the so-called
‘‘partial characteristics’’ has been proposed. For
a certain plasma with a number of model
temperature profiles they calculated spectrum-
integral partial characteristics. The characteristics
contain a source function and the optical density
of the absorption path. This method makes it
possible to calculate the divergence of the radia-
tion flux in the volume of any configuration.
In order to study the heat transfer in CVD and

PECVD experiments Leroy et al. used coherent
anti-Raman–Stokes (CARS) measurements [25]. A
one-dimensional thermal model has been devel-
oped by the authors to interpret their measured
profiles and to determine the temperature of the
surfaces which are unknown.
Another general procedure for the evaluation of

substrate heating due to resonance radiation is to
determine the absorption coefficient for each
resonant state and to determine the corresponding
escape factor and the effective photon lifetime for
each [26]. From the measured electron energy
distribution function (EEDF) the rate coefficients
for excitation and quenching of these states have
to be determined. Finally, based on a particle
balance equation for the considered excited state
densities, the population of the excited states is
calculated and the radiation from the plasma to
the substrate surface is obtained. By this method,
Piejak et al. [26] estimated the relevant photon
fluxes jph for the resonant states and the radiant
power density Jrad is

Jrad ¼ xph jphEph: ð4Þ

xph is the probability that a photon is absorbed by
the surface (taken to be one) and Eph is the average

photon energy (11.8 eV for Ar). Eq. (4) provides
an upper limit appropriate for a substrate im-
mersed into the plasma glow and positioned away
from a plasma sheath. However, even for this
rather unrealistic assumption the contribution of
the plasma radiation compared to the other
thermal influxes at an inductively coupled RF
discharge in argon as investigated in [26] was only
in the order of 5–10%.
In contrast, in the case of cylindrical magnetron

sputtering at rather high energy, the contribution
of plasma radiation was estimated by Thornton
[16] to be in the order of about 20–30% of the total
heat flux depending on the target material.

2.1.2. Energy influx by charge carriers (Jch)
For many applications, non-isothermal low-

pressure discharges play an important role in
plasma processing. In those discharges, the most
efficient channel of energy transfer is due to charge
carriers, which get their directed kinetic energy by
acceleration in the sheath in front of a surface. The
width of the sheath is essentially influenced by the
discharge type. Depending on gas pressure and
discharge power one distinguishes between the
so-called a- and g-regime [27].
Generally, the total energy flux of charged

particles Jch is given by the product of the particle
flux density ( je for electrons, ji for ions) to the
substrate surface and the mean particle energy
(Ee for electrons, Ei for ions). The energy of the
positive and negative ions consists, in general, of a
potential and a kinetic part.
In detail, the following components may con-

tribute to the energy influx Jch by charge carriers
from the plasma and from the electrodes, respec-
tively, to the substrate during low-temperature,
low-pressure plasma processing:

* positive ions (mainly from the plasma of the
carrier gas, but also from species of deposition
material, products, etc.): Jiþ ¼ jiþEiþ,

* negative ions (in case of electronegative process
plasmas): Ji@ ¼ ji@Ei@,

* recombination of positive ions and electrons at
the substrate surface: Jrec ¼ jiþErec.

* plasma electrons (or low-energy secondary
electrons): J slow

e ¼ j slowe E slow
e ,

H. Kersten et al. / Vacuum 63 (2001) 385–431388



* beam electrons from the cathode (or high-
energy primary electrons): J fast

e ¼ j faste E fast
e ,

Jch ¼ Jiþ þ Ji@ þ Jrec þ J slow
e þ J fast

e : ð5Þ

The different contributions have been discussed,
for example, for magnetron sputtering in [28,29].
Fig. 1 illustrates the potential distribution between
cathode, plasma and substrate as well as the
resulting fluxes of positive and negative particles in
a typical discharge device.
In the following, the contributions of ions and

electrons to the integral energy influx will be
discussed separately in more detail.
Energy influx by ions (Jiþ; Ji@; Jrec). The energy

of ions striking the substrate is the sum of
potential (Ei;pot) and kinetic energy Ei;kin.
Concerning the potential energy of an ion

released in plasma wall interaction one must
distinguish between conducting or insulating sub-
strates. At first we will discuss the case of a
metallic substrate: The neutralization of ions on
such surfaces is caused by long-range interactions
and is accompanied by the emission of secondary
electrons. Then Ei;pot is given as

Ei;pot ¼ Eion@F@giðFþ Ei;kinÞ: ð6Þ

(Eion ¼ Erec the ionization potential of the incident
ion, F the work function, gi the yield of secondary
electrons, Ei;kin the mean kinetic energy of incident
ion.) Data for Eion, F and gi, respectively, may be
taken from the literature [30,31]. For semiconduc-

tors the yield of secondary electron emission is one
order of magnitude smaller than for metals [30].
The work function F for metals and semiconduc-
tors is in the order ofB5 eV (see for example [31]).
In systems where the heat flux to the surface is

dominated by ion bombardment (e.g. in planar RF
reactors) the contribution of the potential energy
term (Eq. (6)) can be very substantial (several tens
of percent) for low kinetic energies [32].
Otherwise, for insulating materials the energy

gain per ion is determined by

Ei;pot ¼ Erec þ Ei;ads; ð7Þ

where Erec ¼ Eion is the recombination energy and
Ei;ads the adsorption energy of the ions. The
neutralization of ions on insulating surfaces
proceeds via recombination of the adsorbed
positive ions with electrons [33]. In special cases,
as for instance the glass walls surrounding a
positive column of an inert gas glow discharge
[34] and powder particles suspended in an RF
plasma [35], the energy gain by recombination may
become dominant in surface heating.
In addition to potential energy, ions transfer a

part of their kinetic energy when striking a surface.
The mean kinetic ion energy Ei;kin is determined by
the ion energy distribution function (IEDF). The
energy distribution of the ions arriving at the
substrate is affected by the pressure which
influences the collisions in the sheath in front of
the substrate, and by the instantaneous, local

Fig. 1. Potential and field distribution as well as carrier densities which result in fluxes of charge carriers between cathode, plasma, and

substrate. (Vpl the plasma potential, Vcat the potential of the cathode, Vfl ¼ VS the substrate potential.)
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electric field. These effects may lead to a broad-
ening, to a shift, and to various shapes of the
IEDF. The maximum ion energy is determined by
the free fall energy e0Vsh, where Vsh is the potential
drop across the sheath in front of substrate which
corresponds to the sum of the plasma potential Vpl
and the substrate potential VS, see also Fig. 1:

Vsh ¼ Vbias ¼ Vpl þ VS: ð8Þ

The value of the sheath potential is essentially
determined by the internal plasma parameter as
electron density and the energy distribution of
electrons and ions in the plasma. The shape of the
IEDF at the substrate is largely influenced by
[36,37]:

* collisional processes in the sheath, or more
precisely, by the ratio of the mean free path of
the ions and the sheath thickness, and

* the frequency of the alternating electric field
which determines the ratio of drift time of the
ions through the sheath and the half period of
the electric field in the case of RF and
microwave discharges.

While the collisional processes in the sheath result
in a simple broadening at the low-energy part of
the energy distribution and in a decrease of the
mean energy, the influence of an alternating RF
field may result in a complex, saddle-like structure
of the IEDF. Fig. 2 represents examples for typical
ion energy distribution functions in plasma pro-
cessing in order to illustrate both effects. Measure-
ments of the ion energy distribution are mainly
carried out by energy resolved mass spectrometry
(plasma monitoring) where the ions are extracted
from the substrate region [21,38]. There exist also a
number of theoretical approaches in order to
calculate IEDFs based on particle-in-cell simula-
tion [39], Monte Carlo simulation [40], and the
development of analytical expressions [38,41].
In addition to the directed kinetic energy of the

ions which originates for positive ions from
acceleration in the electrical field in front of the
substrate, they receive thermal energy 3

2kTi, too (k
the Boltzmann constant, Ti the ion temperature).
As mentioned above, the directed kinetic energy
can be assumed in most cases to be approximately
equal to the sheath potential e0Vsh ¼ e0Vbias.

Hence, the total kinetic energy of positive ions
equals

Ei;kin ¼ 3
2kTi þ e0Vbias: ð9Þ

The contributions of positive and negative ions as
well as of the electrons and the distribution
between these striking particles in respect to the
energy transfer depends strongly on the substrate
bias voltage which consists of the external
substrate voltage VS and the plasma potential
Vpl , see Eq. (8). For highly negative voltages only
the positive ions determine the influence of the
charge carriers, whereas electrons and/or negative
ions have to be considered in the case of VbiasX0.
It should be emphasized again that the expression
of Eq. (9) is applicable in most cases of plasma
processing. However, if the IEDF for the ions near
the substrate is much more complex the assump-
tion of eVbias for the kinetic energy fails. By
considering this fact one has to integrate over the
ion energy distribution function f ðVÞ from zero up
to the bias potential Vbias in order to obtain the
mean kinetic ion energy:

Ei;kin ¼
Z Vbias

0

f ðVÞV dV : ð10Þ

Furthermore, the thermal energy of the ions (kTi)
can be neglected compared to the directed kinetic
energy in non-isothermal plasma process applica-
tions because the ions are nearly at room
temperature. In high-temperature isothermal plas-
mas and at high pressures this assumption is not
valid and the gradient between ion temperature
and substrate temperature has to be taken into
account for the determination of the energy influx
by ions [42].
The transfer mechanism of the kinetic energy

itself is determined by collision processes. Only a
part of kinetic energy (Etransi;kin ) will be transferred to
the substrate which depends on the mass ratio of
the colliding particles (M1;M2), the angle of
incidence (Y), and the energy transfer coefficient
(kc) [30]:

Etransi;kin ¼ 4kc
M1M2

ðM1 þM2Þ
2
Ei;kinðsinY=2Þ2

EkcEi;kinðsinY=2Þ2: ð11Þ

H. Kersten et al. / Vacuum 63 (2001) 385–431390



The kinetic transfer coefficient kc is equal to unity
for binary collisions and ranges from 0 to 0.7 for
collision cascades of the incoming ions with the
solid [30]. Subsequently, under the assumption
that all incident ions at the surface of a metal or
semiconductor are neutralized, we have for the
energy transfer to the substrate:

Ji ¼ jiðEi;pot þ Etransi;kin Þ

¼ jiðEion@F@giðFþ Ei;kinÞÞ

þ 4kc
M1M2

ðM1 þM2Þ
2

3

2
kTi þ e0Vbias

� �
ðsinY=2Þ2:

ð12Þ

For low ion temperature Ti and for small gi and
EionbF as in the case for sputtering one obtains
for Ji:

Ji ¼ jiðEion þ de0VbiasÞ; ð13Þ

where d ¼ 4kcM1M2=ðM1 þM2Þ
2ðsinY=2Þ2: For

instance, at sputtering of molybdenum the factor d
which describes the efficiency of energy transfer by
ions to the substrate has been obtained as 0.5 [30].
As mentioned above, the ion particle flux

density ji (in m@2 s@1) is strongly influenced by
the discharge regime and can be described by the

Fig. 2. Left: Influence of pressure on IEDF for an Ar RF plasma. The ions are extracted from VplE15V to a grounded substrate.

Right: IEDF which consists of only the high-energy saddle shaped structure caused by ions passing the plasma sheath without

collisions, after [37]. The IEDF is obtained at the powered electrode.
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following expressions:

(mi the mass of ions, Te the electron tempera-
ture, ne the electron density, ni the ion density, dsh
the sheath width, vi, vamb are the ion velocities, e0
the electron charge, e0 the electric permitivity
constant.)
Although the general equation ji ¼ 1

4nivi is
always valid, this expression is hardly applicable
because of the complexity of the ion velocity
distribution. Under low-pressure conditions
(pp10 Pa) the Bohm equation and at very low
pressure (pp1 Pa) the Child law are more applic-
able, respectively.
The Bohm equation yields the ion flux by

knowing the electron density which equals the
ion density at the sheath edge. Under the idealized
assumption of a collisionless sheath this equation
results in the same value for ji as the Child law [43].
The plasma parameters in front of the substrate

can be determined experimentally by means of
Langmuir probes placed near the substrate or by
means of theoretical models. The mean energy of
the electrons kTe and the plasma potential Vpl can
be derived from the second derivative of the probe
characteristic [44]. In the theoretical interpretation
of the probe characteristic, one has carefully to
take into account the RF compensation of the
probe and the presence of negative ions (for
example [45]) and/or of magnetic fields (for
example [46]), if such disturbing effects are
important. In [36] for an RF plasma a relation
between the macroscopic discharge power and the
ion flux density is given on the basis of a simplified
total power balance and under the assumption that
the time-averaged ion and electron fluxes are equal
in order to maintain quasi-neutrality. By means of
such relations between macroscopic and internal
quantities it is possible to achieve an independent

control of ion energy and ion flux which is suitable
for the control of material properties in plasma
processing. Investigations on the total ion flux and
the mean ion energy at different pressure and
various RF power in an inductively coupled argon
plasma have shown that the energy flux density
mainly depends on the supplied power and only
less on the pressure [47]. This behavior is due to
the following dependencies: at a constant pressure
the ion flux ji increases with increasing power
(Fig. 3), while the mean kinetic ion energy Ei;kin at
constant power decreases with increasing gas
pressure (Fig. 4). Hence, the energy flux density
of the ions which is the product of both seems
to be a suitable quantity to describe the energetic
conditions on the substrate surface in diffe-
rent equipments and under different discharge
conditions.

Fig. 3. Ion energy distribution in dependence on RF power for

constant pressure, measured by Woodworth et al. [47]. The ion

flux increases while the mean ion energy is nearly independent

on RF power.

ji ¼

ne

ffiffiffiffiffiffiffiffi
kTe
mi

r
expð@0:5Þ BOHMFflux of ions;

4

9

e0
e0

ffiffiffiffiffi
e0
mi

r
V

3=2
sh

d2sh
ion flux without collisions ðCHILDÞ;

1

4
nivi thermal flux of ions;

nivamb ambipolar diffusion of ions:

8>>>>>>>>>><
>>>>>>>>>>:

ð14Þ
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The considerations given so far are concerned to
positive ions. However, in a variety of process
plasmas (e.g. etching) which contain electro-
negative species as SF6, O2, Cl2, etc. a large
amount of negative ions occurs. In such plasmas
the negative ion density ni@ may be even
comparable to the electron density ne [48].
Although the presence of negative ions influences
the discharge characteristics as well as the internal
plasma parameters and their energy distribution,
they are almost negligible in regard to the energy
flux towards a substrate F as long as it is at
ground, floating or negative bias potential which is
mostly the case in plasma processing. Because of
the negative substrate potential in respect to the
plasma and the surrounding sheath, the negative
ions are efficiently trapped in the plasma bulk and
even in RF discharges they cannot reach the
substrate in a considerable number due to their
large mass.
The situation for electrons is quite different

because of their essentially smaller mass and the
more complex energy distribution.
Energy influx by electrons (Je). An exact

description of the electron behavior in a non-
isothermal gas discharge requires the knowledge of
the electron energy distribution function (EEDF)
which can be determined by Langmuir-probe
measurements, see for instance [49,50]. Fig. 5
shows an example for the second derivative of
the probe current which is a measure for the

electron energy distribution function. The distri-
butions have been obtained for an argon RF
plasma at different heights above the powered
electrode [51]. Calculations of EEDF are based on
the solution of the Boltzmann equation [52] or by
theoretical simulations concerning Monte-Carlo
[53] and particle-in-cell methods [54].
One has to distinguish between an isotropic part

f0ðEÞ and an anisotropic part f1ðEÞ of the EEDF
which lead to different information on the electron
component of the plasma. By means of the
isotropic part one obtains information on the
electron density ne and the mean energy kTe, while
f1ðEÞ yields the directed electron flux je. The
isotropic component can be measured by cylind-
rical probes, whereas angular-resolved planar
probes are used for the determination of the latter
component.
In some cases it is possible to model the EEDF

by means of standard distributions, for example
Maxwell or Druyvesteyn distribution. In Fig. 6,
both distributions are presented schematically.
Comparing the most common standard distribu-
tion functions, there is a significant difference in
their high-energy tails. In Fig. 7, the contribution

Fig. 4. Ion energy distribution in dependence on gas pressure

for constant RF power, measured by Woodworth et al. [47].

The mean ion energy decreases with increasing pressure due to

collisions.

Fig. 5. The second derivative of Langmuir-probe character-

istics, which is a measure for the EEDF obtained at different

heights above the RF electrode [51], (P ¼ 0:75 Pa, P ¼ 10W).
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of electrons Je for the two energy distribution
functions is plotted for typical glow discharge
values [55].
In order to reach the substrate surface the

electrons have to overcome the bias voltage Vbias in
front of the substrate, which consists, as already
mentioned, of the external substrate voltage VS
and the plasma potential Vpl , see Eq. (8). The
energy flux Je due to the plasma electrons arises
from the integration over the EEDF from Vbias up

to infinity which yields for a Maxwellian EEDF:

Je ¼ ne

ffiffiffiffiffiffiffiffiffiffiffi
kTe
2pme

s
exp

@e0Vbias
kTe

� �
2kTe ¼ jeEe:

ð15Þ

By comparison of the terms one can identify the
energy of the plasma electrons as

Ee ¼
Z

N

Vbias

f ðEÞE dE ¼ 2kTe ð16Þ

and the electron flux density of the plasma
electrons je can be expressed by

je ¼ ne

ffiffiffiffiffiffiffiffiffiffiffi
kTe
2pme

s
exp

@e0Vbias
kTe

� �
: ð17Þ

In the special case of highly mono-energetic
electrons the expression for Ee becomes

Ee ¼ e0ðVcat@VbiasÞ ð18Þ

with Vcat being the negative cathode potential.
Generally, these high energetic electrons are not
detected by electrostatic probe measurements.
An analysis of the charged components of the

plasma by using the general Eqs. (5)–(18) listed
above will in principle yield the part of surface
heating caused by ions and electrons. Although
several heat sources act together, e.g. radiation,
chemical reactions, neutrals and charge carriers, it
may be possible to separate the contribution of the
charge carriers by variation of the bias potential.

2.1.3. Energy influx by neutral species (Jn)
In addition to charge carriers, neutrals of the

background gas as well as neutrals of the process
components (e.g. deposition material, etch pro-
ducts, radicals, etc.) interact with the substrates in
plasma processing of solid surfaces and, hence,
contribute to the thermal power balance.
The potential energy of neutral species in a

plasma is distributed between vibration, rotation,
dissociation and electronically excited states (me-
tastables), while the kinetic energy arises only from
the translation.
In general, the following components may

contribute to the energy transfer by neutrals in
commonly used plasma process applications at low
pressure:

Fig. 6. Comparison of electron velocity distribution functions

FðvÞ (schematic): (a) Maxwell, (b) Druyvesteyn (v the velocity,

vmax the velocity at the maximum).

Fig. 7. Calculated energy flux of electrons (Je) and ions (Jiþ) in

dependence on substrate potential for different EEDFs, from

[55]. (RF plasma in argon, ne ¼ 3� 109 cm@3, kTe ¼ 4:2 eV,
Vpl ¼ 1V).
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* heat of adsorption: Jads or condensation: Jc,
respectively,

* excitation energy (vibration, rotation, meta-
stables): J�,

* kinetic energy of sputtered or scattered particles
from the cathode: Jn;sput,

* energetic neutrals of the process gas (Jn;kin)
which may originate from charge exchange
mechanisms.

The first two components represent the most
important transfer channels of potential energy.
A short review on the different kinds of potential
energy transfer mechanisms of the excitation
modes may be found in [18,56].
Adsorption and condensation (Jads; Jc). In most

relevant process plasmas the adsorption of neutral
species is of importance. In an adsorbed state (see
Fig. 8) the adsorption heat Eads is released, which
results in heating the surface. The input Jads by the
adsorption is given by

Jads ¼ jngEads; ð19Þ

where jn describes the flux of neutrals and g
denotes the sticking coefficient.
The initial sticking coefficient g may consist of

two contributions with a precursor-mediated
sticking probability of physisorption (gp) and a
direct sticking probability of chemisorption (gc)
[57]. Fig. 8 shows the potential energy curve for
molecular sticking. There is an activation barrier
(Ea) between the physisorption well and the

chemisorption well. Since the probability of
physisorption is influenced by the surface tem-
perature and the probability of chemisorption
depends strongly on the kinetic energy of the
incoming molecule in order to overcome the
activation barrier, the sticking coefficient g should
exhibit a dependence of both quantities.
Fig. 9 illustrates both dependencies for the

sticking of Cl2 on silicon measured in a pulsed
molecular-beam machine [57]. Several values of
sticking coefficients for typical sample/surface
systems may be found in [58].
A macroscopic phenomenon of adsorption is

condensation. Especially in the case of thermal
evaporation or sputtering of metallic films this
part can become important [14,16]. The contribu-
tion Jc to the thermal power input due to
condensation of metal vapor can be estimated by
[59]

Jc ¼ qcRRBgn jnEB; ð20Þ

where qc is the specific condensation heat of the
vapor, R is the mass density of the growing layer
and R marks the deposition rate. In a microscopic
picture the condensation Jc can also be approxi-
mated by the product of the condensing particle
flux jn, the sticking probability gn of the species
and the binding energy EB.
Metastables (J

*
). The flux of metastables can

be estimated by knowing the concentration n
*
and

the local density gradient of the excited particles.

Fig. 8. Schematic illustration of the potential energy curve for

the sticking model of a molecule.

Fig. 9. Sticking coefficient g versus energy of incident Cl2mo-

lecules for different surface temperatures, from [57].
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These quantities can be determined by optical
methods as absorption spectroscopy [60] and laser-
induced fluorescence (LIF) [61]. Consequently, by
knowing the energy of a metastable (E

*
), the

amount of power (J
*
) resulting from particle

excitation can be obtained.
The component of heating of a surface by

resonance excited states and metastable states has
been discussed in more detail, for example, in [26].
The authors obtained the density n

*
of the

metastables in an Ar plasma by a steady-state
particle balance equation which includes the
production of metastables through electron-im-
pact excitation and the loss through ionization,
quenching and diffusion loss to the walls. As
described in [26] the energy flux due to bombard-
ment by excited states can be written as

J
*
¼ x

*
n
*

ffiffiffiffiffiffiffiffiffiffiffi
8kTg

pm

r
E
*
; ð21Þ

where x
*
is the probability of energy transfer to

the surface and the metastable states are at the
neutral gas temperature Tg. The transfer coeffi-
cient x

*
depends strongly on surface material. For

catalytically active surfaces (metals) it can reach
0.1–1, while for amorphous oxides and ceramics
x
*
E10@5 [62].
However, the rather rare information on me-

tastable influence on surface heating in plasma–
wall interaction at low pressure yields to the
conclusion that this contribution is negligible in
comparison to the other parts. This conclusion is
also supported by the estimated J

*
values in [26]

which are less than 1% in comparison to the
influence of charge carriers and even of plasma
radiation.
Kinetic energy of sputtered particles (Jn;sput). The

contribution of neutrals to the total power balance
plays an important role, for instance, in sputtering
processes which are essentially influenced by the
potential distribution between cathode (target),
plasma and substrate. The neutral particles sput-
tered from the target having kinetic energies of
E1–30 eV may transfer a considerable amount of
their kinetic energy to the substrate. Related
theories [28,63] and TRIM simulations [64] show
that the energy distribution of the sputtered
neutrals is close to UB=2, where UB is the surface

binding energy of the atoms in the sputter target.
Depending on the gas pressure, the sputtered
particle lose some part of their kinetic energy via
collisions with the gas atoms and become partially
thermalized on their way to the substrate.
Kinetic energy of neutrals of the process gas

(Jn;kin). In addition to the kinetic energy of the
sputtered target atoms, there is also a kinetic
energy input via highly energetic neutral gas
atoms, which are produced by neutralization of
backscattered ions [28]. Neutrals have a low
scattering cross section with the background gas
and impinge on the substrate with energies close to
the initial value.
Fast neutrals are also produced by charge

exchange of accelerated ions with neutrals in the
plasma sheath [38]. Collisions in the sheath are
important when the mean free path of the ions is
less than the sheath thickness. This is the case for
pressures higher than about 1 Pa. Ion-neutral
collisions have a strong influence on the ion and
neutral dynamics. Resonant charge exchange
collisions for atomic ions have a large exchange
cross section in the order of 10@15 cm2. Such a
collision generates a thermal ion and a fast neutral
by the exchange of an electron. The non-resonant
charge transfer proceeds via momentum transfer
where the energy of the colliding ion is distributed
due to the energy and momentum conservation
laws.
The related energy input Jn;kin is

Jn;kin ¼ kn jnEn;kin; ð22Þ

where En;kin is the kinetic energy of a fast neutral
and kn a factor which expresses the energy transfer
efficiency similar to ions, see Eq. (11). The flux jn
of fast neutrals is obtained directly from the gas
temperature Tg. The latter can be estimated by
considering the gas heating and cooling processes
in the chamber. In a low-pressure glow discharge,
gas heating is mainly provided by electron–atom
elastic collisions and as already mentioned by ion–
atom charge exchange collisions.
At high gas pressures and for large tempe-

rature differences between substrate (TS) and the
process gas (Tg), energy transport by neutrals
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can proceed via [42]

Jn;kin ¼ aknðTg@TSÞnn

ffiffiffiffiffiffiffiffiffiffiffi
kTg

2pmn

s
; ð23Þ

where Tg marks the temperature of the gas and nn
the density of the gas.
A characteristic quantity for the energy ex-

change is the accomodation coefficient a:

a ¼
ðEin@Ef Þ
ðEin@EsÞ

; ð24Þ

where Ein and Ef are the initial and final energy of
the plasma species and Es is the thermal energy per
atom of the substrate surface. The accomodation
coefficient a is always less than unity and depends
strongly on the nature of the colliding particles
and the surface. Besides translational energy
transfer for molecules also vibrational and rota-
tional energy transfer is important. For more
information on this contribution and their rela-
tions, see for instance [65,76].
Applications where the substrate heating by

energetic neutrals dominates are, for example,
magnetron discharge sputtering [50], thermal
evaporation and expanding arc plasmas [66].
As an illlustration for the influence of the

different energetic contributions as radiation,
charge carriers, and fast neutrals which have been
described above, experimental studies on magne-
tron sputtering as a typical plasma process will be
given in the following. Those processes have been
extensively studied, for example, in [16,28,29].
An experimental and theoretical study of

sputtering of molybdenum in an argon DC-
magnetron discharge was carried out by An-
dritschky et al. [28]. They assumed that energy
and momentum of the deposited metal atoms and
ions are the determining factors during film
deposition. With increasing gas pressure the
energy deposited by sputtered particles decreased
because of thermalization while the other con-
tributions remained almost constant, see Fig. 10.
At constant pressure and increasing negative bias
voltage, the power transported via ion bombard-
ment becomes dominant (Fig. 10). Both energy
and momentum transfer of the particles have been
found to influence crystal structure, density, and
intrinsic stress of the growing molybdenum film.

One of the very first investigations on substrate
heating in cylindrical magnetron sputtering has
been carried out by Thornton [16]. In this study,
energy fluxes were examined for different discharge
conditions where the following parameters have
been varied: axial magnetic field (0.01–0.02T),
current densities (30–120Am@2), discharge vol-
tage (500–1000V), Ar gas pressure (0.13–1.3 Pa),
and cathode material. The energy per deposited
metal atom, shown in Table 1, has been examined
for several metals.
Wendt et al. [29] examined the thermal power at

the substrate for magnetron sputtering of ZnO for
a DC and RF discharge at 50W and 0.8 Pa. They
measured a twice as large heating flux for the RF
compared to the DC discharge mode. This
difference was mainly due to the much higher

Fig. 10. Power transported via particle bombardment to the

substrate at Mo sputtering versus gas pressure, and power

transported via particle bombardment to the substrate at Mo

sputtering versus bias voltage, after [28].
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contribution of the Ar+ ions from the plasma. The
results are compared in Table 2.

2.1.4. Energy influx by exothermic chemical
reactions (Jreact;1)
Evidence for substrate heating by exothermic

reactions on the processed surface has been
reported, for example, with respect to plasma
etching of silicon with fluorine containing com-
pounds [67] and during plasma cleaning of
contaminated metal surfaces [68].
If the formation of product molecules is an

exothermic process, which takes place in the
presence of a third collision partner, e.g. a solid
surface, this process will contribute to substrate
heating. The product molecules may desorb at the
electronic ground state, but with internal excita-
tion of vibration or rotation. Thus, there is a
varying part of the reaction energy transferred
between the solid surface and the desorbed
molecule. The latter part is used as desorption
energy.
In the case of molecular recombination as a

special surface reaction process, the fraction of the
energy transferred to the solid has been described

by Halpern and Rosner [69] on the basis of mass
and energy balance considerations. The percentage
of the association energy which is used for surface
heating varies with the chemical composition of
the surface.
Concerning the association of atoms on a solid

surface one has to distinguish between two basic
mechanisms [69–71]. In the case of the Langmuir–
Hinshelwood mechanism two adsorbed atoms
recombine to a resulting product molecule remov-
ing an energy equal to the activation energy of
molecular desorption [70]. For the Eley–Rideal

Table 1

Heating fluxes per atom for argon sputtering with cylindrical magnetron for several cathode materials, from [16]

Metal Atomic

mass

Heat of condensa-

tion (eV atom@1)

Average kinetic

energy of the sputtered

atoms (eV atom@1)

Plasma radiation

(eV atom@1)

Estimated flux

heating (eV atom@1)

Measured heating

(eV atom@1)

Al 27.0 3.33 6 4 13 13

Ti 47.9 4.86 8 9 22 20

V 50.9 5.29 7 8 20 19

Cr 52.0 4.11 8 4 16 20

Fe 55.8 2.26 9 4 15 21

Ni 58.7 4.45 11 4 19 15

Cu 63.5 3.50 6 2 12 17

Zr 91.2 6.34 13 7 26 41

Nb 92.9 6.50 13 8 28 28

Mo 95.9 6.88 13 6 26 47

Rh 102.9 5.60 13 4 23 43

Cd 112.4 1.16 4 1 6 8

In 114.8 2.52 4 2 9 20

Hf 178.4 6.33 20 7 33 63

Ta 181.0 8.10 21 9 38 68

W 183.8 8.80 22 9 40 73

Au 197.0 3.92 13 2 19 23

Table 2

Thermal power (P/A) at the substrate for a DC and RF

sputtering discharge at 50W and 0.8 Pa, from [29]

Particles P/A (mW/cm@2) P/A (mW/cm@2)

DC RF

Positive ions (Ar+)

from the plasma

5.3 23.2

Electrons from the

plasma

1.9 5.5

Zn, O from the target 2.3 0.7

Sum 9.5 29.4

Measured 15.6 32.0

H. Kersten et al. / Vacuum 63 (2001) 385–431398

https://www.researchgate.net/publication/248489275_On_the_energy_balance_of_substrate_surfaces_during_plasma_cleaning_of_lubricants?el=1_x_8&enrichId=rgreq-409bc6b9-907a-4fd8-8f5a-ad15d6c44f21&enrichSource=Y292ZXJQYWdlOzI1MTczNDg1MztBUzoxMjY3ODQzMjI0MTI1NDRAMTQwNzIzOTE0NjIyNQ==


mechanism a molecule is generated by gas phase
atom impact onto an adsorbed atom [71]. A Eley–
Rideal-produced molecule may immediately es-
cape or remain physisorbed for a residence time
during which it may deposit some part of its
energy.

2.2. Energy loss processes

From a general point of view and similar to the
energy input, the heat loss ’Qout of the substrate
during plasma processing consist of the following
terms:

’Qout ¼
Z

ðJrad;2 þ Jext;2 þ Jdes

þ Jreact;2 þ JparticleÞ dA: ð25Þ

* energy Jrad;2 radiated from the substrate at
temperature TS, which includes contributions
of both the front side in direction of the plasma
and the back side of the substrate in direction of
the holder,

* heat loss Jext;2 by external cooling, i.e. the
energy transport by conduction along
the substrate holder and by convection of
the surrounding gas,

* energy sink Jdes due to desorption of particles
into the gas phase and diffusion into the solid
bulk,

* energy Jreact;2 concerning endothermic chemical
reactions at the surface including dissociation,

* energy transport Jparticle from the substrate due
to sputtering of surface atoms and secondary
electron emission.

2.2.1. Radiation (Jrad;2)
In most cases a non-negligible part of the

substrate heat flows via thermal radiation. This is
especially the case for processes where the sub-
strate temperature is comparatively high (e.g.
CVD) and/or if the pressure is very low for
convection (e.g. electron beam evaporation). Also
in applications where only a poor contact between
hot substrate and cold holder is realized and,
therefore, conduction along the sample support is
small, radiation is one of the most important
losses.

The power dissipated by radiation from the
substrate can be determined from Stefan’s law asZ
Jrad;2 dA ¼ ASsðeST4

S@eenvT4
envÞ; ð26Þ

where eS; eenv are the emissivity of the substrate
surface and the environment, respectively, AS the
emitting area of the substrate (front and back
side), s the Stefan–Boltzmann constant, TS the
substrate surface temperature, Tenv the environ-
mental temperature (reactor walls, etc.). The e
values are total hemispherical emissivities and
mostly it is assumed that eenvE1, while the
emissivity of the substrate (eS) is dependent on
the material. Typical values for metals as Al, Cu,
Ni are 0.02–0.1, for pyrex we find 0.8, and for
glass, ceramics, carbon eS is in the order of 0.9 [31].
During the plasma process and, hence, due to
substrate heating the substrate emissivity may
vary by a few per cent and the environmental
temperature Tenv unlikely to be precisely constant.
But the usually small variations in these terms
are ignored.
The energy balance of substrates during CVD

and PECVD has been studied by several authors,
see for instance [15,23,72].

2.2.2. Conduction and convection (Jext;2)
The heat losses by external cooling of the

substrate ( Jext;2) consist of heat conduction by
the surrounding gas ( Jcond ;gas) and heat conduction
along the solid sample holder ( Jcond;solid ):

Jext;2 ¼ Jcond;solid þ Jcond ;gas: ð27Þ

The effect of gas pressure on substrate cooling has
been demonstrated in [43], see Fig. 11. Usually,
compared to the other energy loss processes the
convection by the gas has only a small influence
because of the low gas density. But in some
applications, the substrate can be cooled by
conduction through the gas between its back side
and the cooled susceptor [72]. This procedure is
widely used in semiconductor industry by creating
a He pressure of a few millibar between the
substrate and the support.
Following Fouriers law of heat conduction,

the power loss along the substrate holder is
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given byZ
Jcond ;solid dA ¼

1

Rth
ðTS@THÞ ¼

lSAS
dS

ðTS@THÞ:

ð28Þ

(TS the temperature of the substrate, TH the
temperature of the sample holder, Rth the equiva-
lent thermal resistance, lS the heat conductivity of
the substrate and support, dS, AS are the length
and cross section of the conductor.)
In order to determine the substrate cooling by

thermal conduction due to gas atoms striking the
surface one has to distinguish between the colli-
sional regime and the free molecular regime
[42,43,59,26]. In the collisional regime where the
mean free path %l of the gas is much smaller than
the boundary sheath dsh the heat flux density is
proportional to the local gradient of temperature:Z
Jcond ;gas dA ¼ Nulg

ðTS@TgÞ
dsh

: ð29Þ

(Nu the Nusselt number, lg the thermal conduc-
tivity of the gas (1.6� 10@4Wcm@1K@1 for
Ar), dsh the thickness of the boundary layer in
front of the substrate.)
At gas pressures (10@2–10 Pa) which are typical

for plasma processing, the free molecular regime is
important where the mean free path of a gas atom/
molecule is greater or comparable to the sheath
thickness (%lXdsh). In this regime the thermal flux
is proportional to the temperature difference
between gas temperature Tg and substrate tem-

perature TS as well as to the free molecular heat
conductivity w and the gas pressure p:Z
Jcond;gas dA ¼ awpðTS@TgÞAS: ð30Þ

The accomodation coefficient a has been intro-
duced in Eq. (24) and the free molecular heat
conductivity is according to Knudsen theory [73]:

w ¼
cp=cV þ 1

cp=cV@1

1

16
ffiffiffiffiffiffi
Tg

p
ffiffiffiffiffiffiffi
8k

pm

r
: ð31Þ

mmarks the mass of the gas atoms and cp=cV is the
adiabatic coefficient which is for noble gases 5/3
and for molecule gases 7/5.
As shown in [43,72] the increase of the gas flow

does not make any sensible change in the substrate
temperature under normal operating ranges at
low-pressure plasma conditions. Therefore, it can
be mostly neglected. However, under conditions of
gas/plasma-jets gas flow convection might even be
dominant and, hence, the convection can be an
important contribution to the energy balance at
the substrate surface [74].

2.2.3. Desorption processes (Jdes)
The desorption of atoms/molecules from solid

surfaces under vacuum conditions is a process
consisting of sequential phenomena of gas trans-
port from inside the solid (bulk diffusion) and of
desorption of gas molecules from the surface.
The ‘‘first order’’ desorption rate Rdes [75,76]

from a surface is described by the Frenkel
equation:

Rdes ¼
dnads
dt

¼ @
nads
tdes

; ð32Þ

where nads is the number of gas species adsorbed
per unit area and tdes is a characteristic time
related to the average residence time of the gas
species on the surface [77]. The time of residence is
related to an activation energy Edes by

tdes ¼ tdes0 expðEdes=kTSÞ: ð33Þ

The pre-exponential factor tdes0 is the vibration
period of the adsorbed particle, which is in the
range of 10@12–10@14 s. The activation energy
Edes on the surface depends mainly on the kind of
interaction between the atoms of the solid and the

Fig. 11. Cooling of a substrate in argon after the plasma is

switched off for different gas pressure, from [43].
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gas species (e.g. physisorption, chemisorption). It
is also influenced by the arrangements (e.g. steric
factors, crystal structure of the surface) of the
interacting partners. Furthermore, the overall
desorption rate Rtotaldes from a heterogeneous surface
with a continuous desorption energy distribution
fdesðEÞ is represented by

Rtotaldes ðTS; tÞ ¼
Z
fdesðEÞRdesðTS; t;EÞ dE; ð34Þ

where RdesðTS; t;EÞ represents the single site
desorption introduced above [78].
In order to determine the desorption mechan-

isms of gas molecules from solid surfaces and,
consequently, the characteristic desorption energy,
thermal desorption spectroscopy (TDS) is often
employed. In TDS diagnostics the surface under
investigation is heated within a defined tempera-
ture range and with a defined heating rate. The
generation rate of the desorbed particles is
monitored by a quadrupole mass spectrometer
under ultra-high vacuum conditions [79].
Studies on TDS measurements of NH3 over

molybdenum nitride films yield, for instance,
desorption energies of 0.95 eV assuming a pre-
exponential factor of 10@13 s in Eq. (33) [79].

2.2.4. Endothermic chemical processes (Jreact;2)
For the interpretation of surface reactions by

plasma–wall interaction a broad arsenal of differ-
ent physical and chemical mechanisms exists.
Besides the ordinary evaporation at elevated
temperatures or due to a localized thermal pulse
created by laser or incident energetic particle
beams, three basic mechanisms have to be taken
into account: physical sputtering (PS), chemical
sputtering (CS) and surface film reaction (SFR).
While physical sputtering is related to the energy
loss by impact of energetic particles discussed at
the end of this section the latter two processes are
frequently endothermic reactions.
In the endothermic chemical sputtering (CS) an

incident particle A reacts with a bulk atom B
without an intermediate boundary state to a final
product AB. The product molecule ABmay desorb
instantly (direct chemical sputtering) or it remains
for a certain residence time (delayed chemical
sputtering) at the surface.

Analogous to physical sputtering, the rate RCS
for chemical sputtering is proportional to the flow
rate jA of incoming chemically active particles to
the surface:

RCS ¼ eCSjA; ð35Þ

where eCS denotes the coefficient of gasification
which describes the surface reaction probability
with the incident species. According to the
mechanism of activated chemical reactions eCS
represents the probability for the appearance of
particle energies above a certain limit ECS resulting
in an exponential dependence

eCS ¼ eCS0 expð@ECS=kTSÞ: ð36Þ

The Arrhenius behavior with only a single activa-
tion energy is applicable for direct chemical
sputtering in the case where both the solid surface
and the incoming particles are characterized by the
same temperature. If there are different tempera-
tures or a monoenergetic particle beam (e.g.
energetic ion beam) more complicate dependencies
must be considered.
The resulting energy loss Jreact;2 by this reaction

may be given as

Jreact;2 ¼ RCSECS : ð37Þ

In contrast to chemical sputtering, in the case of
surface film reaction (SFR) the incoming particles
A are adsorbed at the surface prior to the chemical
reaction. The desorption rate RSFR then depends
primary on the degree of coverage Y with
adsorbed particles:

RSFR ¼ kSFRn
2
0Y with Y ¼ nads=n0; ð38Þ

where nads the number of adsorbed atoms A per
unit area, n0 the total number of substrate surface
sites per unit area of the substrate.
At full coverage the temperature dependence of

RSFR is governed by kSFRðTSÞ which again shows
an Arrhenius-type behavior:

kSFR ¼ kSFR0 expð@ESFR=kTSÞ: ð39Þ

However, with incomplete coverage a more com-
plex dependence of RSFRðTSÞ holds [3]. If the
surface film reaction dominates Jreact;2 is given by

Jreact;2 ¼ RSFRESFR: ð40Þ
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Chemical sputtering (CS) and surface film reaction
(SFR) are the two limiting cases with many
transitions between them. In Section 4.2.1 some
examples for temperature dependencies of plasma
etching are discussed in more detail. An overview
on basic mechanisms in plasma etching and typical
values for different technological etching systems
are given in [3].

2.2.5. Physical sputtering of surface atoms and
secondary electron emission (Jparticle)
Another energy loss process at substrate sur-

faces is due to those particles which are released
from the surface by physical sputtering (JPS) and
by emission of secondary electrons (Jg;el):

Jparticle ¼ JPS þ Jg;el : ð41Þ

In contrast to losses by desorption or chemical
reactions, these particle losses are caused by the
impact of energetic ions or neutrals at the
substrate. However, this contribution is in many
technological plasma processes relatively small
because the potential drop between plasma and
substrate is mostly much less than 100 eV.
For both sputtering of substrate surface atoms

and emission of secondary electrons a threshold
energy is required. The threshold values depend on
the mass ratio of the colliding partners, the
binding energy, the surface coverage of adsorbed
atoms, etc. Above the threshold value the yield,
e.g. the number of ejected particles per incident
ion, shows a characteristic energy dependence
[123]. In Fig. 12, examples for the energy depen-
dence of the sputter yield are presented, while
energy distributions of ejected atoms and elec-
trons, respectively, are shown in Figs. 13 and 14
[80,81]. The energy distribution of sputtered
particles can be described by the Thompson
formula [80], where a planar surface potential UB

is assumed and which has to be overcome by the
sputtered surface atoms:

d2Y

dE db
B

E

ðE þUBÞ
cos b: ð42Þ

The energy distribution of the sputtered particle
yield (dY=dE) has a maximum at about ð1=2ÞUB

and falls off at high energies as 1=E2 until the
transferable energy is reached. A summary of

typical values for different plasma process systems
concerning physical sputtering may be found in
[63,80].
The secondary electron yield as it was observed

in [81] showed a strong dependence on the amount
of adsorbed gases and increased in an approxi-
mately linear manner with the coverage. The
kinetic energy distributions were almost insensitive
to impact energy, while the ejection probability
increased with increasing impact energy above a
threshold of about 50 eV.
Summarizing, the energy loss of a substrate by

particle emission depends strongly on the energy
of the hitting particles originating from the plasma

Fig. 12. Dependence of the sputtering yield of Ni on the energy

of different incident ions, from [123]. Full symbols: calculated

data (TRIM.SP), open symbols: measured data.

Fig. 13. Energy distribution of particles ejected by physical

sputtering of Ti by He-ions. Comparison of measurements and

Thompson-model, from [80].
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which is dissipated to a large extent in the surface-
near region and, hence, the loss is typically rather
small.

3. Experimental determination of thermal

quantities

When a solid comes into contact with a plasma,
energy transfer takes place. The substrate is heated
and, after a certain time, it reaches a thermal
equilibrium state as, for example, shown in
Fig. 15. This steady state is determined by a

balance of energy gain from the plasma processes
and energy losses by conduction, radiation, etc.
[14–17,20,82].
The general power balance at the surface is

given by

’Qin ¼ ’QS þ ’Qout; ð43Þ

where ’Qin is the total heat flux towards the
substrate (energy input), ’Qout is the heat flux from
the substrate (energy output) and ’QS denotes the
transferred power that heats the substrate,

’QS ¼
d

dt
ðmScSTSÞ ¼ RSdSAScS

dTS
dt

� �
: ð44Þ

(mS the mass, cS the specific heat capacity, RS the
mass density, dS the thickness, AS the area, TS the
surface temperature of the substrate, respectively.)

3.1. Heat flux measurements

By using the substrate as a calorimeter probe the
integral heat flux can be obtained by evaluation of
the temperature curves, e.g. Fig. 15.
The energy flux from the substrate ’Qout consists

of heat conduction by the gas, the heat conduction
along the sample holder, and radiation:

’Qout ¼ awpðTS ¼ TenvÞAS

þ
lS
dS
ASðTS@THÞ

þ 2sASðeST4
S@eenvT4

envÞ: ð45Þ

(TS the temperature of the substrate surface, TH
the temperature of the substrate holder, Tenv the
temperature of the environment of the substrate
(plasma, wall), a the accomodation coefficient, w
the molecular heat conductivity of the gas, p the
gas pressure, lS the heat conductivity of substrate
and holder, eS the emissivity of the substrate, s the
Stefan–Boltzmann constant.)
Since plasma processing takes place at rather

large range of gas pressures (10@2–100 Pa), the
pressure may have a pronounced influence on the
loss by heat conduction of the plasma, see Fig. 11.
At atmospheric pressure heat conduction by gases
is independent on pressure. However, at low
pressure the distance of the objects between which
the energy is transported might be much smaller
than the mean free path of the gas molecules. On

Fig. 15. Examples for measured time-dependent temperature

curves. Glass substrates were heated by a cascaded arc

discharge of Ar and Ar/CF4, respectively, from [66].

(p ¼ 40 Pa, P ¼ 4:2 kW).

Fig. 14. Kinetic energy spectra for secondary electrons released

at sputtering of Al by a Na+ ion beam, from [81].
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the other hand, by using a large sample holder on
which the substrate is perfectly fixed (i.e. by He-
backflow as cooling gas or conductive silver), the
loss by convection of the gas is low compared to
the conduction along the sample holder.
Radiation losses can also often be neglected.

However, at very high temperatures (e.g. CVD) or
when the heat contact between substrate support
and surroundings is poor, the contribution of
radiation must be taken into account.
Unfortunately, the material constants

(a; w; lS; eS) can only be used under ideal condi-
tions, which means ideal heat contacts, constant
environmental temperature, homogeneous solids,
and homogeneous heat fluxes. Because heat
transfer coefficients and thermal conductivities in
most real cases are unknown it is necessary to
determine those quantities as well as the heat
capacity (CS ¼ mScS) by calibration. This is
possible by measuring and analyzing the time
derivative of the temperature when the substrate
temperature rises due to a known thermal power at
the substrate [29].
Detailed information on the energy transfer can

be obtained by time and space resolved measure-
ments of the surface temperature TS where the
time steps between the measured temperature
points need to be small compared to the char-
acteristic macroscopic heating rates.
By neglecting the radiation and convection the

thermal balance (Eqs. (43)–(45)) now results in

’Qin ¼ RSdSAScS
dTS
dt

� �
þ

lS
dS
ASðTS@THÞ: ð46Þ

Solving the differential Eq. (46) yields

TSðtÞ ¼ TH þ ’Qin

dS
lSAS

1@exp
@lS
d2SRScS

t

� �� �
; ð47Þ

which provides the possibility for a determination
of the heat flux ’Qin from the change of the
temperature with time.
Initially, during surface treatment by a plasma,

the energy influx will exceed the heat output and
TS will rapidly rise until a stationary state is
reached. Fig. 15 shows two examples of tempera-
ture curves measured by a thermocouple glued on
the substrate surface at a-C :H deposition in a
supersonic cascaded arc plasma reactor [66]. At

the beginning of the plasma–substrate interaction
(t ¼ 0, TS ¼ TH) the heat losses can be neglected.
The relation between the initial slope ðdTS=dtÞt¼0
and the total power inflow ’Qin can be determined
from the time derivative of TS:

’Qin ¼ ’QS ¼ CS
dTS
dt

� �
t¼0

; ð48Þ

where CS ¼ mScS ¼ RSdSAScS is the heat capacity
of the substrate which is used as a kind of
calorimeter probe.
After some time (t-N) the temperature of the

substrate becomes stationary (TN

S ). At this point
the heat flux from the plasma to the substrate ( ’Qin)
equals the heat flux from loss processes ( ’Qout) and
because ðdTS=dtÞt¼N

¼ 0 one obtains for TN

S :

TN

S ¼ TH þ ’Qin

dS
lSAS

¼ const: ð49Þ

When the plasma (heat source) is switched off, at
time t ¼ toff , the influx is zero ( ’Qin ¼ 0) and the
temperature decreases according to

TSðtÞ ¼ TH þ ðTN

S @THÞ exp @
lS

d2SRScS
ðt@toff Þ

� �
;

ð50Þ

see also Fig. 16. If the combinations of the
material constants are known or determined
experimentally the integral power influx ’Qin can
be obtained by a best fit of the measured TSðtÞ
curve [83].

Fig. 16. Schematic plot of typical evolution of substrate

temperature obtained during planar magnetron experiments

by Thornton [84].
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A quite similar procedure for the determination
of the total heat influx has been used by Thornton
[16,84] and Wendt et al. [29]. The heat flux
measurements were made by observing the rate
of temperature rise of a wafer which was spot-
welded to a thermocouple and placed within a
solid shield of much larger mass. The wafer was
only fixed by the thermocouple and no other
contact of the wafer to the shield and holder was
realized. Hence, the conduction heat losses could
be neglected.

’Qin ¼ CS
dTS
dt

� �
þ 2eSsASðT4

S@T4
envÞ: ð51Þ

The radiation losses were estimated by measuring
the slope of the cooling curve ðdTS=dtÞ

cooling at the
same temperature at which the heating slope
ðdTS=dtÞ

heating was measured, see Fig. 16.
During the heating phase the slope is

dTS
dt

� �heating
¼

’Qin

CS
@

2eSsASðT4
S@T4

envÞ
CS

ð52Þ

and because of ’Qin ¼ 0 for the cooling phase one
obtains

dTS
dt

� �cooling
¼ @

2eSsASðT4
S@T4

envÞ
CS

: ð53Þ

If the slopes are determined at the same tempera-
ture TS and assuming no change of the environ-
mental temperature Tenv due to the large heat
capacity of the shield the difference of Eqs. (52)
and (53)

’Qin

CS
¼

dTS
dt

� �heating
@

dTS
dt

� �cooling !
TS

ð54Þ

is a quantity proportional to the thermal power at
the substrate [51,85].
In comparison to the described temperature rise

methods there is another simple and reliable
procedure to measure the heat influx at the
substrate by determination of the temperature
gradient along the sample holder [20]. Here the
power flux is measured in steady state according to
Eq. (49) which gives

’Qin

lSAS
¼
TN

S @TH
dS

E
DT
Dx

: ð55Þ

By using a tube between substrate and water
cooling the heat capacity and effective heat
conductivity can be lowered (see Fig. 17). The
calibration of the differential expression DT=Dx
can be done by means of an electrical heater of
known power. Thus, by using such a calibration
the integral influx can be determined from the
measured temperature gradient along the substrate
holder tube.
A similar measurement combined with the

pyrometer method has been performed by Tan-
dian et al. [42]. They determined the heat transfer
in an RF plasma torch for sintering. The energy
balance measurements were primarily based on a
calorimetric technique which employs the determi-
nation of the surface temperature of the sample
and the several temperatures of the plasma (at inlet
and exhaust) as well as of the cooling water at
different locations.
It should be emphasized again that the mea-

sured energy influx ’Qin is an integral value
containing the several energy contributions which
have been discussed in more detail in Section 2.1.
In principle, a determination of the different
energetic contributions as radiation, kinetic energy
of striking particles, reaction enthalpy, etc. is
possible by an analytical description. But in most
cases of technological application the necessary
data are not available. Therefore, fitting proce-
dures have to be employed. In order to study the
complex energy transfer mechanisms in low-
pressure plasmas one should study at first rather

Fig. 17. Calibration: integral energy influx vs. measured

temperature difference between two thermocouples, from [20].
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simple processes like thermal evaporation or ion
beam assisted deposition (IBAD), where only one
or two contributions dominate the energy influx to
the substrate.
In most applications one can assume an uniform

energy influx because the volume of the plasma is
large compared to that of the treated substrates.
However, in some cases the spatial profile of the
substrate surface temperature must be taken into
consideration which can cause non-uniformities in
layer growth and morphology. For an example,
Oakes et al. [86] measured a radial temperature
profile under typical growth conditions using a
thermal imaging camera (Fig. 18).
A radial temperature profile along the substrate

can be caused by radial inhomogenities of the heat
flux [87] or by an inhomogeneous heat transfer
inside the substrate. Such a radially inhomoge-
neous heat flux in the plasma may be described by
a Gaussian profile

’Qin ¼ ’Qin0 expð@r2=R2
’Qin
Þ; ð56Þ

where ’Qin0 is the heat influx at the axis, r the radial
coordinate and R ’Qin

is the half-width at half-
maximum. In such cases of non-uniformities it is
necessary to measure the surface temperature at
different positions on the substrate.

3.2. Surface temperature measurements

For the experimental determination of the
surface temperature TS a broad variety of methods

exists. As already mentioned above, for many
applications the use of contact thermocouples is
sufficient. In these cases the thermocouples, which
must be chosen for the relevant temperature range,
have to be connected to the substrate very care-
fully because the plasma environment has not the
same temperature as the substrate, and the heat
conductivity of a low-pressure plasma is very poor.
The solid contact can be realized by conductive
silver or by spot-welding. Anyway, the use of
thermocouples for temperature measurements in a
low-pressure plasma environment requires a care-
ful analysis of the obtained temperatures as
proposed, for example, by Piejak et al. [26].
In applications, where thermocouples and other

metallic connections to the surface should be avoi-
ded, determination of the resistivity may be favored.
This method, which is based on the temperature
dependence of the electrical resistance during
heating, is often used for investigations that require
ultra-high purity of the crystal and its surface [88].
Unfortunately, contact thermocouples or thin

film resistors may affect the real substrate tem-
perature or the indicated temperature by heat loss
through the leads. If this disturbance shall be
avoided, non-contact thermocouples are applic-
able to monitoring substrate and shield tempera-
tures during plasma processing [89]. However,
the use of this method requires the development of
a model in order to understand the sensor
behavior based on the heat transport in the region
of the sensor. Such a detailed description of the
heat exchanges have been studied by an interesting
electrical model proposed in [23].
A non-contact method to measure the surface

temperature is by means of pyrometers using the
infrared radiation emitted by the substrate [42].
However, this method is only reliable if there is no
change in the emissivity of the surface during the
plasma process. For instance, in thin film deposi-
tion experiments the emissivity of the substrate
surface changes by film growth. A very sensitive
and suitable surface temperature measurement can
be realized by fluoroptic methods [2,72]. Fluor-
optic thermometry is a convenient way to execute
in-situ measurements in RF plasmas, since such
measurements are not disturbed by the electrical
discharge and the reactive environment [43].

Fig. 18. Substrate temperature profile along a substrate during

diamond growth with an oxygen–acetylene flame, from [86].
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Other procedures of non-contact measurements
of the surface temperature use the change in
mechanical and optical properties of solids by
temperature variation. Changes in substrate tem-
perature induce thermal expansion of the sub-
strate. A diffracting grating etched onto the sample
surface expands itself according to the temperature
and the observation of the diffraction pattern can
be employed for determining TS [67,90]. In
another way the thermal expansion of sandwich
substrates with different refractive indexes can be
observed by ellipsometry [91] or by near infrared
(NIR) interferometry using a double-sided po-
lished wafer [92].
Interferometric techniques for temperature mea-

surements hold much promise for noncontact
thermometry of semiconductors, since the tem-
perature coefficient of refraction is almost two
orders of magnitude greater than the thermal
expansion coefficient. When a semiconductor
wafer is heated, the change of its optical thickness
corresponds to many times the wavelength of
visible light. As a consequence, it is possible to
register numerous interference maxima and mini-
ma which can be used for calculation of temporal
variation in wafer temperature [93,94]. For exam-
ple, Magunov [95] used the temperature depen-
dence of the optical thickness of silicon acting as a
Fabry–Perot interferometer at the radiation of an
infrared He–Ne laser (l ¼ 1:15 mm) for monitoring
plasma etching of polymers in an oxygen dis-
charge. A review of new fast-developing techni-
ques based on measurements of temperature-
sensitive optical parameters in comparison to
conventional methods (thermocouples, radiation)
may be found in [96].
Finally, we mention a fast and extremely

sensitive method for reversible thermal analysis
of very small solid samples which uses a micro-
mechanical calorimeter based on the deflection of
a bimetallic cantilever [97].

4. Results: examples for energy balances during

plasma processing

Low-temperature plasma processing of solid
surfaces is essentially affected by energetic and

thermal quantities, as energy per incoming particle
(Ev), particle flux (jv), energy flux density (energy
dose, Jv ¼ jvEv) from the plasma and electrodes,
and substrate temperature (TS).
If the substrate is additionally heated by an

external source (substrate heater), it is difficult to
distinguish between the different contributions to
the heating process. Only in suitably chosen
experimental devices the effect of a single quantity
as listed above can be separately investigated.
In the following sections we will illustrate the

influence of the different energetic and thermal
quantities at some examples of thin film deposi-
tion, plasma etching, and surface modification.

4.1. Thin film deposition

The importance of ion energy and ion flux at
low-temperature silicon epitaxy using a low-energy
ion bombardment process has been reported, for
example, by Shindo et al. in [98]. In their study the
effects of ion bombardment and the related energy
dose on the crystallinity of the grown silicon film
has been investigated in detail. An RF-DC-
coupled mode bias sputtering system has been
used for silicon growth. A 100MHz RF power
supply was employed to generate a high density
plasma at a gas pressure of 1.33 Pa. Furthermore,
two DC power supplies were connected to the
target and to the substrate holder, respectively, via
low pass filters. By this method, the DC potentials
could be separately controlled. The ion bombard-
ment energy was determined by the potential
difference between the time-averaged plasma
potential and the externally applied substrate DC
voltage. On the other hand, the RF power input
controls the plasma density, i.e. the ion flux
provided to the substrate surface. Thus, by
adjusting the target bias, the substrate bias, and
the RF power the essential parameters in deposi-
tion such as growth rate and ion energy flux have
been selected to fit any desired conditions. In the
experiments the principal deposition variables
investigated were ion flux and ion bombardment
energy as well as substrate temperature measured
by thermocouples during Si film growth, while
maintaining constant the deposition rate at about
10 nmmin@1.
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Very similar to former studies of Thornton [99],
Shindo et al. found characteristic regions in the
Ei;kin@ji-plane of different crystal structures, see
Fig. 19 [98]. Only in the characterized region of
Fig. 19, characterized by low kinetic ion energy
and high normalized ion flux, single crystal films
with fully activated carriers were obtained due
to the low deposition temperature. Furthermore, it
could be demonstrated that at low-temperature
bombardment with heavy ions (Xe+) was more
effective in promoting epitaxy than Ar+ ion
bombardment.
On the other hand, the resistivity of the

deposited silicon films were affected by the ion
energy influx and the resulting substrate tempera-
ture, too. In Fig. 20, the resistivity of silicon films
grown at different temperatures as function of the
ion kinetic energy at constant ion flux density is
shown. It is interesting to note that low-resistivity
films for the temperature investigated were only
formed when the ion energy was higher than 7 eV.
At energies higher than 15 eV the film resistivity
increases for all flux densities due to the dotand
deactivation. Otherwise, for an increasing ratio of
argon ions to incoming silicon atoms, low-

resistivity films are realized even at lower ion
kinetic energies of about 3 eV.
Unfortunately, it is not always possible to study

separately the influence of kinetic ion energy,
because in typical process plasmas the involved
energetic parameters act together. Therefore, ion
beam processes are favored for the investigation
of the role of ion energy. This method, for
example, has been used in the production of dense
diamond-like sp3-bonded phase carbon films by
means of a C+-ion beam by Grossmann et al.
[101]. Summarizing, they obtained the following
results for the carbon film properties during ion
beam deposition:

* carbon films with significant amounts of sp3-
bonding larger than 40% could be deposited at
room temperature over a wide energy range
(30 eV–10 keV) of the C+-ions (Fig. 21a),

* the suppression of the sp3-bonding at
Ei;kinp20 eV or Ei;kinX10 keV is associated with
an increase in film roughness (Fig. 21b),

* high fractions of sp3-bonding are associated
with subsurface growth of atomically smooth
layers,

Fig. 19. The dependence of silicon film crystal structure on ion kinetic energy and normalized ion flux, from [98].
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* the suppression of sp3-bonding of very high
energetic C+-ions is due to ballistic effects of
high-energy implantation and the resulting
enhanced bulk diffusion.

The role of ions and their transfered momentum
and deposited power is a key parameter in the
formation of cubic boron nitride films, too, as
reported for instance by Mirkarimi and coworkers
[100]. The authors varied the ion energy in
conjunction with the ratio of ion flux to depositing
atom flux. In their series of systematic measure-
ments they found a window of the ratio in which
large c-BN percentages are obtained. There is a
critical value of this ratio above which c-BN
formation is initiated and a point at which the
ratio is too large. In this region the films begin to
be completely sputtered away.
In the following parts, the influence of substrate

temperature and energy flux on film deposition
will be discussed for some further examples
obtained by own experiments.

4.1.1. Temperature dependence of glow discharge
polymerization and carbon film growth
As shown in the examples given above, the ion

energy influx during silicon and carbon deposition
influences characteristic film properties as crystal-
linity, binding states and resistivity. However, not
only the film properties but also the growth rate
itself is influenced by the energy influx and the
resulting thermal conditions.

The following example of plasma polymeriza-
tion will illustrate the influence of thermal condi-
tions at the substrate upon surface reactions and
therefore upon the deposition rate of polymer
films. In [102] an extensive system of equations has
been proposed to determine the growth rate of thin
polymer layers induced by gas discharges. The
description includes activation reactions and
transport processes in the plasma volume as well
as reactions at the surface. For the computation of
the polymerization rate the authors distinguished
between the two limiting cases [102]: flow-in model
and adsorption model.
By means of the adsorption model the growth

rate Rpol of the polymer film is given by

Rpol ¼
X
m

smnmjx: ð57Þ

Fig. 20. The resistivity of silicon films grown at different TS as

a function of ion kinetic energy, from [98].

Fig. 21. (a) sp2-fractions and (b) surface roughness of 100 nm

carbon films on room temperature silicon substrates in

dependence on C+-ion energy [101].
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Here sm is the reaction cross section for the
incorporation of monomer molecules of kind m
into the thin film under the action of collisions
with an energetic particle flux jx (ions or electrons)
and nm is the actual surface concentration of the
monomer molecules. The quantity nm can be
obtained from the balance equation

dnm
dt

¼ jmgm 1@
nm
n0

� �
@

nm
tdes;m

@nmsm jx ð58Þ

( jm the monomer inflow, gm the monomer sticking
probability, tdes;m the monomer residence time at
the surface, and n0 the substrate surface density),
which yields in equilibrium state

nm ¼
n0gm jm

gm jm þ n0ð1=tm þ smjxÞ
: ð59Þ

The macroscopic measured polymer growth rate
W is obtained as

W ¼
Mm

LRm
Rpol ; ð60Þ

where Mm denotes the molecular mass of the
monomer, L is the Avogadro’s number, and Rm the
mass density of the film. The energetic ion flow
jx ¼ ji=e0 can be obtained by measuring the ion
current density ji. The temperature dependence of
the coverage nm=n0 and, thus, also of the poly-
merization rate is essentially influenced by the
residence time of the monomer molecules (Frenkel
relation, see Eq. (33)) and the monomer particle
flux jm. The monomer flux depends on the volume
concentration Nm and the gas temperature which is
near the substrate surface identical with the
surface temperature TS:

jm ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
k

2pMm

s
Nm

ffiffiffiffiffiffi
TS

p
: ð61Þ

In the experiment referred here [4] polymer films
have been deposited in the positive column
(r0 ¼ 1:75 cm) of a benzene–neon glow discharge
(pNe ¼ 133 Pa, pC6H6

¼ 6:7 Pa, I ¼ 30mA). Exter-
nally heated cylindrical probes served as sub-
strates. By variation of the probe temperature the
TS dependence of the growth rate which has been
derived from the I2V characteristic of the
Langmuir probe covered by the polymer film
could be obtained, see Fig. 22. The temporal

change of floating potential Vfl of the probe has
been employed for this purpose. The Ne+-
ions were found to be the dominant species in
crosslinking the benzene monomers. The flux
of Ne+ has been measured to be about
jx ¼ jiþ ¼ 2:5� 1016 cm@2 s@1. The measured de-
pendence of the polymer growth rate on the
surface temperature (Fig. 22) has been described
by a curve WðTSÞ calculated with the model given
in Eqs. (57)–(61) with the following data:
gC6H6

¼ 0:1, tdes0 ¼ 10@12 s, Edes ¼ 1:24 eV,
s ¼ 2�10@14 cm2. The model shows that at
relatively low temperatures the growth rate de-
pends only on the monomer supply, while for
TS > 700K the monomer coverage is the rate-
limiting quantity for layer growth.
In addition to the adsorption model, the flow-in

model (that means the direct incorporation of the
ions into the film) has been taken into account by
Keudell et al. in [103]. They measured the
polymerization rate in a methane microwave
discharge as a function on the substrate tempera-
ture by means of ellipsometry (Fig. 23).
For their modified model the authors used the

following values: sticking coefficients for CH3 ra-
dicals and for the ions were assumed to be unity.
The residence time of the radicals has been
calculated by the Frenkel relation with
Edes ¼ 0:65 eV and tdes0 ¼ 10@12 s. The cross
section for direct ion incorporation in the film
was 7.7� 10@16 cm2 and the cross section for the

Fig. 22. Polymer growth rate in a C6H6–Ne glow discharge.

(open circles: measurement, continuous line: model).
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hydrogen reactions with the physisorbed monomer
particles was obtained as 6.8� 10@16 cm2, while
the cross section for the hydrogen reactions with
the deposited layer was 10@15 cm2. From the
model two temperature regimes can be recognized:
for substrate temperatures TSp450K the poly-
merization via adsorption is dominated, whereas
for temperatures TSX450K direct incorporation
of ions into the thin film is the dominant process
determining the growth.
The deposition rate of amorphous, hydroge-

nated carbon films in dependence on the substrate
temperature has been investigated in [66]. The
experiments were performed in a reactor based on
the supersonic expansion of a cascaded arc plasma
in an argon/methane mixture (Fig. 24). In such a
device a geometric separation has been realized for
the three principal processes occurring in plasma
deposition: plasma production (arc), plasma trans-
port (beam), and plasma treatment (a-C :H
deposition) are in separate sections of the appara-
tus. The experimental details are described more
extensively in [104]. The film thickness was
measured by using ellipsometry and the surface
temperature was monitored by thermocouples.
The energy flux provided by the a-C :H deposi-

tion process heated the samples (glass or steel,
respectively). Hence, in the course of plasma
treatment, the combination of the measured film
thickness versus time with the temperature versus

time resulted in a relation between the deposition
rate W and the surface temperature TS. This
relation is plotted in Fig. 25. The main contribu-
tions in substrate heating were the energetic argon
atoms (E1 eV) in the supersonic plasma beam and
the carbon film condensation. The negative slope
of the temperature dependence W ¼WðTSÞ in-
dicates again an adsorption–desorption equili-
brium as rate limiting process in the temperature
range studied. A relatively small variation of the
temperature leads to a remarkable decrease of the
growth rate.
From the measurements we obtained an activa-

tion energy for the desorption of the film forming
species of Edes ¼ 0:58 eV and a cross section of
s ¼ 3�10@17 cm2 for the crosslinking of C atoms
by the Ar bombardment. It can be concluded that
the incorporation of the particles into a growing
film may be intermediated by an adsorbed layer.
Not only the deposition rate of a-C :H films, but

also their properties are influenced by the substrate
temperature. This observation has been supported
by Yoon et al. in studies of a-C :H film deposition
by the ECR-CVD method [105]. In addition to the
deposition rate the optical band gap and the
intensity of C–H bondings in the IR spectra
decreased significantly with increasing substrate
temperature. The optical band gap variation with
the supplied microwave power and, hence, with
the energy influx from the plasma as well as with
the substrate temperature was clearly correlated
with the intensity of the C–H bonds and was
related to the amount of bonded hydrogen in
the layers.

Fig. 23. Deposition rate vs. substrate temperature [103]. By

solving the balance equations for the plasma densities (CH3,

H2, H) the temperature dependence of the deposition rate can

be determined.

Fig. 24. Schematic of the cascaded arc reactor used for a C :H

deposition.
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A strong correlation between deposition tem-
perature TS and hydrogen content was observed in
deposition of a-Si :H films in a supersonic reactor
with a cascaded arc discharge, too [74].

4.1.2. Energy fluxes at Ti film deposition by hollow
cathode arc evaporation and their effect on layer
density
At titanium layer deposition with a hollow

cathode arc discharge the integral energy influx to
the substrate has been monitored by measuring the
temperature gradients [20]. The total energy inflow
’Qin during the deposition of titanium in a hollow
cathode-arc evaporation device (HCAED) used in
the experiments consists of the following portions:
heat radiation from the molten material to the
substrate, power transfered due to charge carriers,
adsorption and condensation of vapor species. The
loss processes ’Qout are: heat radiation and heat
conductivity from the substrate along the water-
cooled sample holder (macroscopical cooling).
The characteristic feature of a HCAED is the

hollow cathode arc with a rather high ionization
degree which has three functions: activation of the
particles near the substrate, activation and clean-
ing of the substrate surface and transformation of
solid titanium into the vapor phase. The experi-
mental set-up (see Fig. 26) and the principle of the

hollow cathode arc have been described elsewhere
[20,106].
The experimental standard conditions were

as follows: arc current 130–240A, arc voltage
20–27V, discharge power 2.5–6.4 kW, substrate
voltage @80–0V, gas pressure 0.2 Pa, Ar gas
flow 95Pa l s@1, deposition rate of titanium
0.1–2 nm s@1, distance anode–substrate 18 cm,
and surface temperature 40–2001C. In order to
vary the energy influx towards the substrate dis-
charge power and bias voltage of the substrate
have been changed. The integral energy flux
density to the substrate was determined by means
of a measuring head which has been already shown
in Fig. 17.

Fig. 25. Growth rate in dependence on the substrate tempera-

ture. The negative slope of the Arrhenius-plot indicates an

adsorption–desorption equilibrium as rate limiting process.

Fig. 26. Experimental set-up of the HCAED for titanium

deposition, schematic.
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Simultaneously to the determination of the
energy flux the electrical current (IS) towards the
substrate and the plasma parameters (ne, kTe, Vpl)
in front of the substrate were determined by means
of a Langmuir probe. The energy distribution and
the ratio between the argon and titanium ions in
dependence on the discharge power were measured
by energy-resolved mass spectrometry (plasma
monitoring). Film thicknesses and deposition rates
have been obtained by means of ellipsometry
during the titanium deposition on silicon wafers.
For the estimation of the layer density Rutherford
backscattering (RBS) was employed.
The contribution Jc due to condensation of

titanium vapor to the integral energy flux density
has been estimated according to Eq. (20). By using
the relevant values for the Ti film density
(R ¼ 3:523:9 g cm@3) and the deposition rate as
given above the contribution of Jc is in the order of
0.05 J cm@2s@1. This contribution is negligibly
low compared to the radiation and the part of
charge carriers in HCAED titanium deposition.
As introduced in Section 2.1.2, the energy-flux

densities of the charge carriers are given by the
product of the particle flow densities to the
substrate and the mean particle energies. For a
Maxwellian energy distribution, as it was valid
under our experimental conditions, the flux
densities of the charge carriers to the substrate,
which was negatively biased in respect to the
plasma, have been determined according to
Eq. (14) [107] for the ions and Eq. (17) for the
electrons. The measured values of the electron
density ne was in the order of 5� 1016–
3� 1017m@3 depending on the discharge power
and the mean electron energy kTe was about 5 eV.
The transfered kinetic energy of the electrons was
obtained by Eq. (16) and the kinetic energy of the
ions by Eq. (9).
The contributions of the charge carriers to

substrate heating depend strongly on the bias
voltage which consists of the external substrate
voltage VS and the plasma potential Vpl , while the
contribution of the radiation Jrad of the molten
titanium depends only on the discharge power and
is not influenced by the bias voltage. Therefore,
this contribution could be separated by a variation
of VS (Figs. 27 and 28). For VSp@30V the

electron flux density to the substrate is jeC0.
Under these conditions only the energy flux due to
the ions and radiation have to be taken into
account. In this case, the part of radiation Jrad can
be determined from the difference between the
measured total energy inflow (Jin) and the calcu-
lated contribution of ions Jiþ:

Jrad ¼ Jin@Jiþ: ð62Þ

This calculation was done for three substrate
voltages: @30, @50, @80V. The mean value
is shown as Jrad in Figs. 27 and 28. These
calculated values are compared with the measured
total energy inflow (drawn lines in the upper part
of Fig. 27). There is a good correspondence of the

Fig. 27. Integral energy inflow at Ti deposition in HCAED for

VSp@30V.

Fig. 28. Integral energy inflow at Ti deposition in HCAED for

VS ¼ 0V.
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calculations and measurements for the three
different substrate voltages. The electrons have to
be considered in the case of VS-0. As an example
for the electron influence the results for VS ¼ 0V
are shown in Fig. 28, where the calculated parts of
the ions, electrons and radiation, respectively, are
presented. The sum of these three contributions is
compared again with the measured integral inflow
which is marked by the drawn line.
For all considered substrate voltages the heat

radiation is the dominating part for substrate
heating in hollow cathode arc evaporation of
titanium, followed by the part of the charge
carriers. For VSp@30V only the ions determine
the contribution of the charge carrier, while for
VS-0 the part of the electrons becomes more
important.
But the importance of the charge carriers in

regard to layer deposition is not only for substrate
heating. Moreover, the ions are often the essential
component to improve the film quality by ion
mixing, etc. A relatively small portion of ions may
change the properties of a deposited layer in a
drastic manner. For instance, an ion irradiation of
the growing film influences the acceleration of the
nucleation stage, destruction of columnar struc-
ture, modification of crystal orientation, and
stoichiometric changes. As it will be shown, in
our case especially the layer density has been
influenced by the ions.
The plasma of the HCAED contains Ar ions as

well as Ti ions which both have an energetic
influence to the substrate surface. Therefore, the
ratio between the ionic species in dependence on
the discharge power was of special interest.
Combining the total ion saturation current IS

determined by probe measurements and the
relation between the contributions of the several
ion species measured with energy resolved mass
spectrometry, the flux of Ar+, Ar2+, Ti+ and
Ti2+ to the substrate could be estimated [21]. The
slope of the several ionic portions as functions of
discharge power is presented in Fig. 29. It is
obvious that at low power the argon ions are the
dominating species whereas at higher discharge
power (X4.5 kW) titanium ions become impor-
tant. At high power there is a large supply of
titanium vapor and because of the greater ioniza-

tion cross section of titanium compared with
argon the metal vapor can be ionized more
effective than the inert gas [108]. The degree of
ionization for titanium may reach values up to
20%.
Finally, the total energy flux by the ions as

indicated in Fig. 28 could be separated into
different energy fluxes supplied by the various
ion species. The result is plotted in Fig. 30.
The variation in the ion composition with

discharge power can also be seen in a remarkable
change in the density of the deposited titanium
films. In the power range dominated by the Ti ions
the mass density is essentially higher [109]. Not the
whole energy of the ions seems to be decisive for
the layer density. Only the part of the Ti ions is of

Fig. 29. Ion flux densities ji in dependence on discharge power.

Fig. 30. Energy inflow Ji by the various ion species.
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importance. The energy flux density of the Ti-ions
(Ti+, Ti2+) divided by the deposition rate in
dependence on discharge power shows a very
similar behavior as the mass density of the
deposited layer (Fig. 31). In a similar manner the
relationship of the ion concentration to the
neutrals have also been found by other authors
to be as an indication for the mass density of the
deposited material [13].

4.1.3. Influence of energetic contributions during
DC-magnetron sputtering of aluminum films on
microstructure
A characteristic feature of thin film deposition

by magnetron sputtering in comparison to thermal
evaporation is the higher kinetic energy of the
particles arriving at the substrate. The integral
energy influx ( ’Qin) during sputtering influences the
thermal conditions at the substrate surface and,
hence, in addition to momentum transfer it affects
the microstructure and morphology as well as
adhesion and residual stress of the deposited films
[1,13].
In the following example of aluminum sputter-

ing (Fig. 32), the measured total energy influx,
which has been determined from the rise of the
substrate temperature (dTS=dt) during the sputter-
ing process, consists mainly of the kinetic energy
of charge carriers and sputtered particles, and the
released condensation heat [55].
The contribution of ions (Ji) and electrons (Je)

could be distinguished again by variation of the

substrate potential. The effect of sputtered parti-
cles on the energy balance (Jn;sput) is estimated by
the product of their flux density and the mean
kinetic energy which has been determined from the
energy distribution of sputtered species. Finally,
the contribution Jc due to condensation of
aluminum particles has been determined by
measuring the deposition rate and by taking into
account the specific condensation heat.
The Al films were sputtered by a DC magnetron

onto glass or silicon substrates, respectively, or
onto microdisperse powder particles. In Fig. 32,
the experimental set-up for the Al deposition is
presented. The discharge voltage was operated at
250–550V and the current range was 20–250mA.
Standard argon gas pressure was 0.01mbar at a
gas flow rate of 50 sccm. The distance between
target and substrate could be varied between 4 and
15 cm. Opposite to the magnetron, at the bottom
of the reactor an RF electrode was installed, which
was necessary for charging and trapping of
injected powder particles in order to modify them
[110].
The discharge has been studied by several

diagnostics. Langmuir-probe measurements and
self-excited electron resonance spectroscopy
(SEERS) [111] provided information on the
electrons whereas the ion and neutral component
was monitored by energy resolved mass spectro-
metry. The deposited films were investigated by
analytical techniques as scanning electron micro-
scopy (SEM), X-ray-photoelectron spectroscopy
(XPS), Rutherford-backscattering (RBS), and
atomic force microscopy (AFM).
In the present study the internal plasma para-

meters as Vpl , Vfl, ne, kTe, etc. have been measured
in the substrate region which is relevant for the
fluxes to the substrate. The measurements of the
plasma parameters have been carried out for only
the RF discharge as well as for the combined
operation of RF plasma and DC magnetron as it
was commonly used in powder treatment. Of
course, in magnetron operation the plasma para-
meters in comparison to the weak RF discharge
are remarkably changed. For example, comparing
the spatial distributions of the floating potential in
Fig. 33, one can recognize two essential differ-
ences. At first, the floating potential in case of

Fig. 31. Relation between energy inflow supplied by titanium

ions and film density.
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magnetron operation is much more negative as for
the RF plasma and, secondly, the spatial distribu-
tion is now more flat. The ion energy distribution
(IED) reflects the remarkable differences between
both discharge regimes [55].
From the number of ions arriving at the target

and their mean energy the yield and, hence, the
flux of sputtered Al particles ( jAl) to the substrate
has been estimated using TRIM to be in the order
of a few 1016 cm@2 s@1 for our experimental
conditions (Fig. 34b). Supposing that all sputtered
Al atoms which strike the substrate also stick on it,
one can simply calculate the growth rate. The
calculated Al deposition rate Rdep is in quite good
accordance with the rates measured by RBS and

optical transmission, respectively, as it can be seen
in Fig. 34c.
The energy influx to the substrate and, conse-

quently, the substrate heating during sputter
deposition with a magnetron source is a combina-
tion of different heating contributions. As is the
case for all vapor deposition processes, the heat of
condensation (Jc) must be considered, which is for
aluminum in the order of qc ¼ 104 kJ kg@1

(Ec ¼ 3:3 eV atom@1). The contribution Jc to the
energy influx due to film condensation is corre-
sponding to Eq. (20):

Jc ¼ qcRWdep ¼ jAlEc: ð63Þ

(Wdep the deposition rate, R the mass density.)

Fig. 32. A schematic view of the experimental set-up for aluminum sputtering onto flat substrates and powder particles.
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The contribution Jch due to the kinetic energy
of charge carriers (electrons and Ar ions) depends
on the electron density in the substrate region and
the mean kinetic energy of the carriers which is
determined by the bias potential Vbias ¼ Vpl@VS.
Because the substrates were always at floating
potential, it is VS ¼ Vfl. The energetic contribu-
tions (Je; Jiþ) of the charge carriers have been
obtained according to Eqs. (16) and (17) and
Eqs. (9) and (14):

Je ¼ ne

ffiffiffiffiffiffiffiffiffiffiffi
kTe
2pme

s
e@eVbias=kTe2kTe;

Jiþ ¼ ne

ffiffiffiffiffiffiffiffi
kTe
mi

s
e@1=2e0Vbias: ð64Þ

The electron energy was kTe ¼ 4:2 eV and the
electron density in the substrate region during
sputtering was measured to be in the order of
ne=5� 108–3� 109 cm@3 depending on the dis-
charge power (Fig. 34a). The first equation in (64)
represents the energy influx by electrons in case of
a Maxwellian energy distribution. However, if the
EEDF is of another type, the contribution of the
electrons might differ as illustrated in Fig. 7.

In case of floating substrates the released
recombination energy flux Jrec has to be consid-
ered

Jrec ¼ jiþErec; ð65Þ

where jiþ ¼ je and Erec is the ionization energy,
which is for argon 15.7 eV.
Due to low operating pressure of the magne-

tron, a significant fraction of the kinetic energy En
of the sputtered Al atoms may still be present for
the depositing atoms in the substrate region. This
contribution Jn;sput is then

Jn;sput ¼ jAlEn ¼Wdep
NAR
M

En: ð66Þ

The kinetic energy En of the sputtered neutrals has
been calculated by TRIM [64] for a magnetron
discharge voltage of 440V, see Fig. 35a. The
simulation yields a mean value of 2.9 eV atom@1.
In addition, the energy distribution of the sput-
tered species has been experimentally obtained by
plasma monitor measurements (Fig. 35b). In the
measured spectra one can observe a peak due to
the sputtered Al particles exactly at that position
(E3 eV), which has also been obtained by TRIM
simulation. If the target is covered by a shutter the

Fig. 33. Spatial variation of the floating potential at z ¼ 5 cm above the RF electrode. The RF electrode is in the x2y plane.

H. Kersten et al. / Vacuum 63 (2001) 385–431 417



Al atoms, which arrive at the substrate by
diffusion, exhibit only a thermal energy distribu-
tion. The energy distribution of the sputtered
aluminum particles decreases after its maximum
accordingly to E1=E2

n as expected from the theory
[80,112].
It is well known that in sputtering also a kinetic

energy input via fast neutrals which are produced

by neutralization of backscattered ions may occur
[28]. This contribution has been estimated by
TRIM calculations, too. It depends strongly on
the used sputter gas and target material. For the
system Ar/Al at about 400V, as it has been
employed in the present case, the contribution of
energetic backscattered argon atoms from the Al
target is in the order of 0.2%. Therefore, we
neglected this effect. However, in principle it has to
be considered, for instance, in the case of copper
sputtering where this influx might be in the order
of 6% which is comparable to the other energetic
parts.
The different contributions to the energy influx

as described above are calculated for typical
experimental conditions as used in magnetron
sputtering and plotted versus the electron density
in the substrate region in Fig. 36. Since the
substrates are at floating potential, the energetic
contributions of the charge carriers in comparison
to the kinetic energy of the sputtered particles and
the condensation energy of the film are rather low.
The total energy influx Jin has not only been

calculated, it has also been measured with
thermocouples. From the temporal change of the
substrate temperature the integral deposited en-
ergy has been obtained by the method as described
in Section 3.1. Fig. 37 shows two examples for the
evolution of TS at magnetron sputtering for
different discharge power and target–substrate
distances. When the plasma is switched on
(t ¼ 0) the integral energy influx Jin can be
determined by taking the time derivative of TS in
Eq. (48). The experimental results for Jin at various
deposition conditions are plotted in Fig. 38.
Measured values of Jin (Fig. 38) are in excellent
agreement with calculated values (Fig. 36). For
instance, magnetron operation at 65W and at a
target–substrate distance of 14 cm corresponds to
an electron density in the substrate region of
ne ¼ 3� 109 cm@3 and an aluminum growth rate
of Wdep ¼ 1:1 nm s@1. Looking for the corre-
sponding energy fluxes yield in each case
0.017 J cm@2 s@1.
Surprisingly, the films sputtered onto small

floating iron powder particles exhibit a rough,
cauliflower-like structure compared to the smooth
layers sputtered onto flat silicon wafers. The

Fig. 34. Electron density (a), particle fluxes (b), and results of

model calculation for Al growth compared with measured

deposition rates vs. power (c).
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difference is obvious if one compares the SEM
micrograph of coated powder particles with the
AFM picture of the aluminum film on silicon in
Fig. 39. An essential reason for the observed
differences in surface roughness might be the
different substrate temperatures which are reached
during the sputter process.
Although under comparable deposition condi-

tions the energy influx towards a powder particle is
the same as towards a flat substrate, the resulting
temperature may be quite different. Due to much
better heat conduction along the substrate holder
(Jext;2) the silicon substrate do not reach such high
equilibrium temperatures as microscopic powder
particles, which are mainly cooled by radiation
(Jrad ;2). Assuming an upper limit for the energy

Fig. 35. Simulation (a) and measurement (b) of the energy distribution of sputtered aluminum for a discharge voltage of 440V.

Fig. 36. Calculated contributions to the integral energy influx

towards the substrate at magnetron sputtering (Vs ¼ Vfl ,

p ¼ 1 Pa).
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influx of 0.2 J cm@2 s@1 which might be attained
at high discharge power and low substrate–target
distances the equilibrium temperature of a floating
powder particle may reach values between 460 and
770K. The first value is valid if one assumes a heat
radiation emission coefficient of e ¼ 0:9, while the
latter has been obtained for e ¼ 0:1.
In Table 3, the situation for the flat Si wafer and

microscopic Fe particles is summarized. Especially
for aluminum the effect of increasing grain size as
the substrate temperature is increased, has been
reported in literature [113].

Fig. 37. Two examples for the evaluation of temperature of a silicon substrate heated during magnetron sputtering at different target–

substrate distances and discharge power. Fit curves are according to Eq. (47).

Fig. 38. Measured integral energy fluxes at magnetron sputter-

ing of aluminum. The substrates were at floating potential.

Fig. 39. SEM micrograph of Al coated iron particles and

reconstructed 3D plot of a sputtered Al film on silicon as

examined by AFM. Although the films have been sputtered

under the same plasma conditions there is a remarkable

difference in the microstructure.
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The experiments indicated that micro-disperse
powder particles can be used as sensitive thermal
probes in plasmas. This idea has been realized and
successfully demonstrated in [114].

4.2. Plasma etching

4.2.1. The dependence of plasma etching on
kinetic energy flux
In a similar manner as for the case in thin film

deposition the energy flux and the substrate
temperature play an important role in plasma etch
processes.
For instance, Baggerman et al. [115] and Ding

et al. [116] studied the influence of the energy
influx Jin on the etching behaviour. Baggerman
et al. could show that the ion-induced etching rate
of organic polymers in argon and oxygen RF
plasmas is proportional to the energy flux and
appeared to be independent on pressure (Fig. 40).
Since Jin depends only on the bombardment of
energetic particles, it was concluded that the etch
rate is completely determined by the impact of
energetic neutrals and ions, and that the flux
density of atomic and molecular oxygen (which is
related to the pressure) is not the rate limiting
quantity under these conditions.
Ding et al. obtained results for SiO2 and Si

etching in a CF4/O2/Ar-ECR plasma. The results
may be generalized in order to characterize etching
processes by energy fluxes and particle densities at
the sheath edge. The experiments were performed
in an electron cyclotron resonance (ECR) plasma.
For both SiO2 and Si etching the system para-
meters were varied in a wide range as follows:
microwave power 500–900W, pressure 0.1–0.5 Pa,
DC self-bias of the wafer @25 to @100V, and
different gas mixtures consisting of CF4, CF4/O2,

CF4/Ar with gas flow rates of 4.4–44 sccm. Ding
et al. found that all experimental results could be
included in a contour plot of the etch rate as a
function of the ion energy flux (Ji;kin ¼ jiEi;kin) and
the atomic flourine density nF , as can be seen in
Fig. 41. The slope of the boundary line separating
the etch behavior into two regimes gives a critical
value for the ratio of nF=Ji;kin. Above, the
boundary line, i.e. nF=Ji;kin is larger than the
critical value of 3.3� 109 cmmW@1, the etch rate
increases linearly with the ion energy flux to the
substrate and is independent on the atomic
flourine density, see Fig. 42. That means the
adsorption model is valid. Vice versa, below the
boundary line in Fig. 41 the SiO2 etch rate linearly
increases with the atomic flourine density in the
gas phase and is independent on the ion energy
influx (Fig. 43). This case can be described by the
flow-in model. It can be concluded that the ratio of
reactive etch species to the energy influx (here
nF=Ji;kin) can be taken as a key parameter.

Table 3

Deposition of thin Al films onto Si substrates and Fe micro-particles

Substrate material:

Substrate geometry:

Al film structure:

Silicon wafer

large, flat

smooth

Fe micro-particles

microscopic, spheric

rough, cauliflower like

Energy loss: ’Qout ¼
R
Jext;2 dA ’Qout ¼

R
Jrad;2 dA

Substrate temperature: DTSE0 DTSE0

Fig. 40. The etch rate of photoresist in oxygen plasmas as a

function of the energy flux density, from [115].
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Qualitatively, the authors obtained similar
results for Si etching as for SiO2. However, the
silicon etch rate shows in the energy flux limited
regime a non-linear increase with the ion energy

influx (see Fig. 44). This behavior might be
explained by the competition between etching
and polymerization process. Starting at ion
energy fluxes in the order of about 100mWcm@2

the deposition rate of fluorocarbon contain-
ing films increases with increasing energy flux,
too.
Summarizing, one can register a proportional

behavior of the etch rate with the energy flux Jin.
This observation indicates that the process is
dominated by chemical sputtering (CSP) as it has
been described in Section 2.2.4.
For some etching systems the proportionally

constants between etch rate and energy influx
are given in Table 4. The low constants for
polymer etching by argon is due to the fact that
only physical sputtering appears, while the re-
markably higher constants for etching with reac-
tive gases can be explained by chemical reactions,
i.e. ion enhanced chemical sputtering. It is evident,
that comparison of the energy fluxes allows to
facilitate process transfer between various etch
reactors.

Fig. 42. Etch rate of SiO2 vs. ion energy flux for

nF=Ji;kin > 3:3� 109 cmmW@1, from [116].

Fig. 43. SiO2 and Si etch rates vs. atomic flourine density in the

plasma volume for nF=Ji;kin lower than the critical value, from

[116].

Fig. 41. Contour plot of SiO2 etch rate (in Amin@1) as a

function of the ion energy flux Ji;kin to the substrate and of the

atomic flourine density nF in the plasma volume, from [116].
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4.2.2. Importance of potential energy transfer in
CF4 glow discharge etching of silicon
In the following example we perform an

experimental investigation on the energy transfer
from an RF plasma to a silicon surface at CF4

plasma etching [32]. The measurements will be
explained on the basis of the formalism given in
Section 2.1.2.
The total energy influx has been measured by

the gradient method (see Section 3.1). The used
substrate consisted of three silicon wafers glued
together. In each of the two epoxy glue layers three
thermocouples were mounted, see Fig. 45. This
geometry allows us not only to study the surface

temperature TS, but also, by comparing the
temperature in the two layers of epoxy, the heat
flux ( ’Qin) through the wafer. The plasma reactor
has been described elsewhere [117]. It basically
consists of a closed-geometry, planar RF dis-
charge. The ion flux to the substrate was examined
by energy-resolved mass spectrometry. The used
process gases were CF4 and Ar at flow rates of 20
and 40 sccm and at pressures of 50, 100, and
350mTorr. The 13.56MHz RF power was 20, 40,
60, or 80W.
Depending on the etching conditions, the silicon

substrate is heated by the plasma process. Fig. 46
shows an example of TSðtÞ for two different gases.
From the measured initial slope ðdTS=dtÞt¼0 the
energy flux ’Qin ¼ ’QS was determined (see Eq. (48))
by knowing the heat capacity of the sandwich
wafer which was CS ¼ 57 JK@1.
Under our conditions, radiation heating and

heating by vibrational, rotational, and transla-
tional energy transfer can be neglected: separate
experiments using infrared absorption spectro-
scopy have shown that the several associated
temperatures (Tvib;Trot;Tt) are nearly the same as
the surface temperature TS [117]. Therefore, we

Table 4

Some characteristic constants for different etching systems

System Plasma Etching component Ref. Const (10@7 cm@3/Ws)

Polymer film Argon Ar+ [115] 6

Polymer film Oxygen O [115] 37

SiO2 CF4 F, Ar+ [116] 14,2

Si CF4 F, Ar+ [116] 21,7

Fig. 44. Etch rate of Si in dependence on the ion energy flux to

the substrate for nF=Ji;kin > 5� 109 cmmW@1, from [116]. Fig. 45. Design of the silicon sandwich substrate.
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can restrict ourselves to the analysis of the heating
of the Si surface only by ion bombardment.
The energy ’Qin supplied by the ions to the

substrate consists of a potential and a kinetic
contribution:

’Qin ¼ jiASðki;potEi;pot þ ki;kinEi;kinÞ; ð67Þ

where ji denotes the ion flux, AS the substrate area
(79 cm2), Ei;pot and Ei;kin the potential and kinetic
energy of the impinging ions, respectively; ki;pot
and ki;kin are the corresponding energy transfer
coefficients, which are related to coefficients
introduced in Eq. (11). Under our discharge
conditions the ion flux ji is determined by the
Bohm criterion [107].
The potential energy Ei;pot is closely related to

the ionization potential Eion. The kinetic energy
Ei;kin must be measured or calculated. The transfer
coefficients as introduced in Eq. (6) and Eqs.
(11)–(13) can be now also expressed as

ki;pot ¼ 1@
F
Eion

@gi
Fþ Ei;kin
Eion

¼
Ei;pot

Eion
ð68Þ

and

ki;kin ¼ d ¼ 4kc
M1M2

ðM1 þM2Þ
2
ðsin y=2Þ2; ð69Þ

where M1, M2 are the atomic masses of the
colliding particles, y is the angle of incidence of
ions, and kc is the kinetic energy transfer efficiency.
The interpretation of the substrate heating by

ion bombardment requires the knowledge of Ei;kin,

ni, and kTe. The mean kinetic energy Ei;kin was
determined by plasma monitoring. The dominant
ion in the CF4 discharge was found to be CF3

+.
The electron density and electron temperature,
which are necessary for the calculation of the ion
flux by the Bohm equation, were obtained by
microwave resonance spectroscopy and laser-
induced photodetachment [117]. The required
values for Eion, F, and gi were taken from the
literature [31].
In Table 5, all experimental conditions and

derived physical quantities are summarized.
In Fig. 47, which can be obtained from Table 4,

the calculated value Ji;kin, which is equivalent to
the (uncorrected) kinetic energy transfer from ions
to surface, is plotted versus the energy ’QS

absorbed by the substrate. The relation appears
to be roughly linear. Because of the transfer of
potential (=ionization) energy to the surface the
line does not pass through zero.
Another result which can be drawn from Table 5

is the kinetic energy transfer efficiency d (see
Eq. (67)) [32]

d ¼ ki;kin ¼
’QS@jiASki;potEi;pot

jiASEi;kin
: ð70Þ

In Fig. 48, the transfer efficiency ki;kin is plotted as
a function of the average kinetic energy of the ion
bombardement (Ei;kin). The value of ki;kin ranges
between 0.5 and 1, with a tendency to increase for
lower energies. This is in perfect agreement with
data reported by Winters et al. [30] for the low-
energy regime.
We would like to conclude that the heating of a

silicon substrate due to exposure to a CF4–RF–
plasma is primarily caused by the bombardment
with CF3

+ ions, where both the kinetic and
potential energy transfer has to be taken into
account.

4.2.3. Ions and chemical reactions as heat sources in
plasma cleaning of metal surfaces contaminated
with lubricants
Plasma cleaning of metals belongs to the most

important applications of non-isothermal plasmas
in dry surface processing [118–120]. If integrated
into a production line, cleaning and surface
activation by plasma can be an efficient, reliable,

Fig. 46. Examples of the temporal evolution of substrate

temperature induced by plasma ion bombardment.
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and non-polluting pretreatment for painting. In
the plasma cleaning experiments presented here
aluminum plates which are contaminated with
hydrocarbon containing compounds (lubricants)
were treated in an O2-plasma generated by a DC-
discharge [121,122].
The surface cleaning via physical (PS) and

chemical sputtering (CS) leads to a bombardment
of the substrate by ions which causes an immediate

surface purification, but also a rather high-energy
influx. Thus, the substrates are heated to a certain
extent during the sputter process. Also the heat
released in exothermic surface reactions (SFR) as
the combustion of lubricants influences the ther-
mal balance at the surface [68].
A schematic view of the experimental setup used

for plasma cleaning is given in Fig. 49. A detailed
description of the experiments and their results in
regard to the efficiency of the cleaning process as

Fig. 47. Energy needed to heat the substrate ( ’QS) as a function

of the kinetic ion energy which the plasma offers to the silicon

surface.

Fig. 48. The kinetic energy transfer efficiency ki;kin as a function
of the mean kinetic energy of the ions.

Table 5

Measured and calculated quantities for a few experimental conditions at RF plasma etching in Ar/CF4

Experimental

conditions

niþ (cm@3) Ei;kin (eV) (dTS=dt) (K s@1) Ji (cm
@2 s@1) jiki;potEi;potAS

(J s@1)

jiEi;kinAS (J s@1) ’Qs (J s
@1)

CF4, 20 sccm

50mTorr 6.2� 109 42 2.0� 10@3 7.6� 1014 0.035 0.17 0.114

20W

CF4, 20 sccm

100mTorr 5.1� 109 40 2.1� 10@3 6.2� 1014 0.029 0.13 0.120

20W

CF4, 20 sccm

100mTorr 8.2� 109 52 3.8� 10@3 10.0� 1014 0.044 0.27 0.217

40W

CF4, 20 sccm

100mTorr 13.2� 109 57 5.6� 10@3 15.9� 1014 0.067 0.48 0.320

60W

CF4, 20 sccm

100mTorr 19.1� 109 65 8.5� 10@3 23.2� 1014 0.093 0.80 0.486

80W

Ar, 40 sccm

350mTorr 1.8� 109 15 1.1� 10@3 2.8� 1014 0.036 0.022 0.063

20W

H. Kersten et al. / Vacuum 63 (2001) 385–431 425

https://www.researchgate.net/publication/248489275_On_the_energy_balance_of_substrate_surfaces_during_plasma_cleaning_of_lubricants?el=1_x_8&enrichId=rgreq-409bc6b9-907a-4fd8-8f5a-ad15d6c44f21&enrichSource=Y292ZXJQYWdlOzI1MTczNDg1MztBUzoxMjY3ODQzMjI0MTI1NDRAMTQwNzIzOTE0NjIyNQ==


well as concerning the process monitoring may be
found elsewhere [68]. The substrates which have
been contaminated aluminum plates were clamped
on a sample holder. The holder consists of a large
aluminum disk with a high heat capacity for an
effective cooling of the substrates during plasma
treatment. As contamination served Wisura–Aka-
min which is a typical lubricant in handling and
industrial treatment of aluminum sheet metals.
Akamin is a petroleum-like light lubricant dis-
tillate of about 90% continuous-chain alcanes.
The initial thickness of the lubricant film estimated
from spectroscopic ellipsometric measurements
were between 50 and 150 nm.
The macroscopic discharge parameters as power

and pressure have been varied between 5 and 80W
(power density: 0.2–4Wcm@2) and 10–20 Pa,
respectively. The power density as mentioned here
describes the discharge power per cathode area.
During the plasma treatment (1–15min) the
substrate temperature could reach values between
201C and 1501C.
Besides a variation of the macroscopic discharge

parameters two different discharge modes have
been studied in order to verify the effect of ions:

the anomalous glow discharge regime (AGD)
where the contaminated substrate served as
cathode and the hollow cathode discharge regime
(HCD) where the substrate was not at cathode
potential but at floating potential. The choice of
the discharge mode could be simply realized by
switching between the two cathodes (Fig. 49). In
the AGD regime the sample holder on which the
substrates have been mounted was operated as
cathode. The anode was an aluminum ring placed
above the cathode disk. The voltage between the
electrodes was varied between 500 and 1200V. The
discharge has been observed as very homogeneous.
In the so-called HCD mode a cubus-shaped

hollow metal piece served as cathode. This cathode
was placed immediately in front of the sample
holder with the substrate to be treated. The anode
ring was the same as mentioned above. Again the
discharge voltage could be varied in a similar
range as in the AGD.
In the AGD regime the ions generated in the

negative glow play an important role. They are
accelerated in the cathode fall in front of the
contaminated substrate and get a kinetic energy in
the order of some hundreds eV. Under these

Fig. 49. Experimental set-up for plasma cleaning.
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conditions a combined action of chemically
activated species and a bombardment of the
substrate by high-energetic ions has been realized.
Vice versa, in the HCD regime the ions got only
the energy difference of some eV between plasma
and floating potential of the substrate. In that case
the surface cleaning proceeds only by the chemi-
cally reactive oxygen radicals. Since the plasma
conditions in both discharge modes are compar-
able, however, the substrate acts as cathode in the
AGD, but as a part of the wall in HCD the
influence of the ionic and chemical contributions
could be separated quite well.
The temperature of the substrates have been

monitored by using thermocouples and the inte-
gral energy influx was determined from the
temperature raise (dTS=dt) at t ¼ 0, see Section
3.1. Simultaneously to the temperature measure-
ments the cathode fall thickness (sheath) dsh and
the bias-voltage Vbias have been determined to get
a rough estimation of the ion energy and ion flux
density.
A typical example of the evolution of the

temperature at the substrate surface during plasma
cleaning in an anomalous oxygen glow discharge is
plotted in Fig. 50. The heating curve was obtained
at an oxygen pressure of 18 Pa, a power density of
1.3Wcm@2, and a plasma treatment time of
5min. When the plasma is ignited (t ¼ 0) the
integral energy flux ’Qin can be obtained by taking

the time derivative of TS, see also Eq. (48):

dTS
dt

� �
t¼0

¼
’Qin

dSASRcS
: ð71Þ

For the used aluminum substrate (R ¼ 2:7 g cm@3,
cS ¼ 0:92 J/gK@1, dS ¼ 0:2 cm, AS ¼ 25 cm2) and
under the experimental conditions given above an
energy influx of ’Qin ¼ 7:5 J s@1 could be deter-
mined.
The obtained energy influxes in dependence on

the power density for AGD and HCD are plotted
in Fig. 51. It is obvious that the energy influx
towards the aluminum substrates during plasma
cleaning in the anomalous glow discharge is larger
than in the hollow cathode mode. The contribu-
tion of the exothermic reaction heat by the
combustion of the hydrocarbon containing lubri-
cant layers by oxygen species is nearly the same in
both cases. However, in the AGD mode the ions
are accelerated towards the cathode (substrate)
where they receive a maximum of kinetic energy.
As mentioned above, the total energy influx ’Qin

consists of a contribution by the exothermic
chemical reactions (Jreact;1) and a contribution of
the ions (Ji;kin):

’Qin ¼
Z

ðJreact;1 þ Ji;kinÞ dA

¼
Z

ð jreactEreact þ jiEi;kinÞ dA: ð72Þ

Fig. 50. An example for a measured time-dependent tempera-

ture curve TSðtÞ, obtained at the plasma cleaning of lubricant-

contaminated aluminum (18Pa).

Fig. 51. Total energy influx during plasma cleaning determined

for HCD and AGD.
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The contribution due to chemical reactions which
is about the same in both the AGD and the HCD
mode can be calculated by the product of the
average energy Ereact released per combustion
reaction of a lubricant molecule with the particle
flux density jreact of the reactive oxygen atoms. The
total oxygen atom flow density jreact depends on
the oxygen dissociation degree which is in the
order of xDE0:0120:05 under our experimental
conditions, on the volume density of O2-molecules
(NO2

) and on the gas temperature Tg:

jreact ¼
1

4
xDNO2

ffiffiffiffiffiffiffiffiffiffiffi
8kTg

pmO2

s
¼
xDpO2

4kTg

ffiffiffiffiffiffiffiffiffiffiffi
8kTg

pmO2

s
: ð73Þ

For a gas pressure of pO2
¼ 18 Pa and a gas

temperature of about Tg ¼ 400K we obtain for
the inflow of oxygen atoms towards the substrate
in the order of jreact=0.5–2.5� 1018 cm@2 s@1.
The surface density of bulk atoms and of the
contamination layer, too, is in the order of 1014–
1015 cm@2. Thus, the relatively high particle influx
results in rather fast surface reactions of contam-
inations with oxygen even if the sticking prob-
ability of the reactive atoms at the contaminated
surface should be small. The reaction products
desorb either thermally or via sputtering if
bombarded with charge carriers.
The used lubricants are mainly mixtures of long-

chain alcanes as nonane, decane, and undecane.
The combustion heat of the lubricant has been
determined experimentally to be about 45 kJ g@1.
Assuming a mean molar mass of 142 gmol@1 for
the lubricant we get a reaction enthalpy of
6400 kJmol@1. Dividing the reaction enthalpy by
Avagadros number we obtain the heat Ereact
released by the complete combustion of a lubricant
molecule with oxygen to CO2 and H2O:

Ereact ¼
6400 kJ mol@1

6�1023 mol@1
E10@17 J: ð74Þ

Since for such a complete reaction a lot of oxygen
atoms are necessary, this number has to be taken
into account at the particle flux density. Under
these assumptions, we obtained an estimated value
for Jreact;1 of 0.15–0.8 J cm

@2 s@1, which yields a
maximum energy influx of ’Qreact ¼ 4220 J s@1 by
exothermic reactions of the lubricants with plasma

generated oxygen atoms at the contaminated
substrate surface.
The energy influx ’Qin measured under HCD

conditions is in the range of 6–10 J s@1 increasing
with discharge power density which was varied
between 0.8 and 3.5Wcm@2. The calculated
energy influx by chemical reactions is in the same
order. However, because a certain energy loss by
desorption of the products (CO2, H2O) has been
neglected the theoretically estimated values are
higher than the experimentally obtained. The
radical density raises weakly with increasing
supplied power because of a higher rate by
electron impact dissociation resulting in an im-
proved efficiency of chemical surface cleaning. In
the range studied the degree of dissociation
increases by the factor of two.
In order to calculate the energy influx Ji;kin by

the ions striking the aluminum substrate it was
necessary to know the ion particle flux ( ji) to the
substrate surface and the mean kinetic energy
(Ei;kin) of the oxygen ions. The kinetic energy Ei;kin
was calculated by the ion energy distribution
function f ðVÞ by integration from zero up to the
bias potential Vbias. The ion energy distribution
function (IEDF) has been calculated roughly by
using an analytic expression for f ðVÞ [41]:

f ðVÞ ¼
1

1@expð@dsh=lÞ
1

2

1

Vbias

dsh
l

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1@V=Vbias

p
� exp @

dsh
l
ð1@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1@V=Vbias

p
Þ

� �
: ð75Þ

( ’dsh the thickness of the sheath (cathode fall), l the
mean free path of the ions.)
In the anamolous glow regime the bias voltage

Vbias is roughly given by the cathode potential,
whereas in the hollow cathode regime it is only in
the order of the floating potential.
But only a part of the kinetic ion energy will be

transferred to the substrate due to collision
processes as discussed in Section 2.1.2.
The maximum flux density of the oxygen ions ji

was determined by Child’s law as indicated in
Eq. (14). The calculated current density is compar-
able with the measured ones under the assumption
that the current at the cathode is only carried by
the ions.
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The values of Ji;kin which have been calculated
as described above are compared with the mea-
sured influxes as plotted in Fig. 52. One can
recognize that the theoretically estimated energy
influx by the ions is much larger than the
experimentally determined contribution which
can be obtained by the difference of the energy
influxes in the AGD and the HCD mode. This is
due to the assumption of maximum values for the
energy transfer, that means the maximum of
possible mean kinetic energy and ion particle flux.
Only about 7.5% of this maximum possible ion
energy is really transferred towards the surface.
However, the importance of the ions in regard to
plasma surface cleaning is not only for substrate
heating. Moreover, the ions are the essential
component to increase the etching rate of the
lubricant films by ion enhanced reactions, sputter-
ing, etc. Even a relatively small portion of charge
carriers may change the etching behavior in a
drastic manner. For instance, an ion bombard-
ment of the layer under treatment influences
the break of chemical bonds of large lubricant
molecules and stoichiometric changes at the
surface.

5. Summary

The energy influx towards the surface is one of
the most important properties of plasma–wall

interaction for comparing and scaling-up several
plasma processes.
In the first part of this article we have described

how the various contributions to the energy
balance of a plasma-exposed solid surface can be
determined in general. When analyzing the ther-
mal behavior of an experimental system, all
contributions should be estimated. The smallest
ones can be neglected. Vice versa, by knowing the
temporal and spatial evolution of the surface
temperature and therefore of the thermal condi-
tions at the solid surface during plasma treatment
one can obtain information on the energy fluxes
and their transfer mechanisms which have been
taken place and which determine these thermal
conditions.
In the second part of the review we discussed in

more detail some typical examples of plasma
systems of technological importance as thin film
deposition and plasma etching.
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