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1Applications and Developments
of Thin Film Technology
H. Frey

Thin films are generally used to improve the
surface properties of solids. Transmission, reflec-
tion, absorption, hardness, abrasion resistance,
corrosion, permeation and electrical behaviour
are only some of the properties of a bulk mate-
rial surface that can be improved by using a thin
film. Nanotechnology also is based on thin film
technology.

Thin films are used if no low-priced bulk
material that corresponds to the required speci-
fications of the material exists.

Examples from optics are: changes of reflec-
tion or fitting of the transmission of glass bodies;
micro-, nano- and opto-electronics are based on
thin film technology.

Thin film technologies are divided into PVD
(physical vapour deposition) and CVD (chemical
vapour deposition) processes.

PVD processes include:
� High-vacuum evaporation
� Cathodic sputtering
� Ion plating
� Ion implantation
� Ion beam mixing
� Plasma diffusion methods and pulse implanta-

tion
� Plasma spraying.

High-vacuum evaporation is used in five dif-
ferent evaporation sources:
� Resistance-heated sources (heated directly or

indirectly)
� Electron beam evaporators with water-cooled

Cu crucibles or lined crucibles and different
deflection angles of the electron beam

� Anodic arc evaporators
� Cathodic arc evaporators
� Induction evaporators.
Figure 1.1 gives an overview of vacuum evapora-
tion methods.

The coating process with most variants is ca-
thodic sputtering (Fig. 1.2).

A special process is ion beam sputtering with
charged or neutral particles. Further versions
are techniques, with electrons inserted into the
charge space.

Closely related to cathodic sputtering are
plasma-supported CVD processes. The impor-
tant difference between cathode sputtering and
the CVD method lies in the basic material.
The use of CVD processes is limited because
the gaseous basic materials are frequently miss-
ing and the available materials are often very
toxic.

Plasma treatment methods in principle are not
part of thin film coating processes. With these
processes the surface of the bulk materials deter-
mining their properties are changed. Properties
in the range near the solid surface can be com-
pletely changed by ion implantation.

Vacuum plasma spraying completes the vac-
uum coating processes. With this technology
very fast thick films with a high affinity to O2,
or N2, such as Ti, Ta, Zr and Cr can be sprayed
onto surfaces.

Further progress in thin film technology de-
pends on efficient surface analysis methods,
above all in connection with high resolution elec-
tron microscopy.

1© Springer-Verlag Berlin Heidelberg 2015
H. Frey, H. R. Khan, Handbook of Thin-Film Technology, DOI 10.1007/978-3-642-05430-3_1
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Fig. 1.1 Evaporation in high-vacuum procedure variants
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2Relevance of the Vacuum Technology
for Thin Film Coatings
H. Frey

2.1 Introduction

Vacuum coating processes are characterized by
a number of advantages. These include variabil-
ity of the coating materials, reproducibility of the
film properties, and adjustment of the film prop-
erties by changing the coating parameters, and
the great purity of the coatings. Despite the in-
fluence of residual gases in the recipient, and
that of the coating material and the condensation
rate, the entrapping residual gas molecules into
the film can be kept arbitrarily small, if only the
residual gas pressure in the recipient is kept ac-
cordingly low. Therefore, the conception of the
vacuum system during the design and technical
execution of vacuum coating plants for Physical
Vapor Deposition (PVD) procedures is especially
important.

There are many important questions that need
to be asked. What is the total pressure necessary,
which residual gases are particularly deleteri-
ous, and how high can the partial pressure be?
Moreover, what is the necessary effective pump-
ing speed of the high vacuum pump in order
to achieve within a given time a certain pres-
sure with a still acceptable leakage rate? Further
questions are as follows. How large is the gas
production during the coating process, how exact
must the pressure measurement be, is it sufficient
to measure the total pressure, or is it necessary
to measure the partial pressure, and which char-
acteristic features of an operating high-vacuum
pump are important for a certain coating pro-
cess? These are only some questions that need to

be answered during the dimensioning of a high-
vacuum pump system and the selection of the
vacuum equipment [1].

2.2 Influence of Residual Gas
on Film Quality

Gaseous impurities can occur on the way from
the evaporation source to the substrate surface
via collisions of vapour particles with the resid-
ual gas particles and when residual gas particles
strike the substrate surface. The frequency of col-
lisions increase in volume with the number of
residual gas molecules and, therefore, with the
pressure in the vacuum chamber.

Since the pressure is inversely proportional to
the length of the middle free path, we can say
that a vapour particle experiences fewer colli-
sions with residual gas particles, the larger the
mean free path is. The mean free path is an im-
portant feature of vacuum technology. The mean
free path describes the distance that a residual
gas atom or molecule on average flies without
collision. The mean free path is dependent on
pressure, gas species and temperature. For air at
a temperature of 20 ıC the mean free path is with
good approximation:

N� D 6:65 � 10�3

p
Œcm� : (2.1)

N� Mean free path [cm],
p Residual gas pressure [mbar];

5© Springer-Verlag Berlin Heidelberg 2015
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Fig. 2.1 Percentage of
vapour particles from an
evaporation source col-
liding with residual gas
molecules, as a function
of �=r
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at 6:65 � 10�3mbar the mean free path is about
1 cm, at 6:65 � 10�5mbar 1m. For electrons the
mean free path is around a factor of 4

p
2 greater

than for atoms.
Figure 2.1 shows the percentage of evapo-

rated vapour particles colliding with residual gas
molecules. If the mean free path is approxi-
mately as large as the distance between substrate
and evaporation source, then ca. 60% of the
vapour particles sustain a collision with a resid-
ual gas particle. Fortunately, a reaction does not
take place at each collision, so that the impurities
occurring by collisions in the recipient are actu-
ally smaller than what would be expected from
Fig. 2.1.

Inert gas particles do not react with other parti-
cles. Oxygen and nitrogen, in contrast, react with
the evaporated particles. The reaction rate in-
creases if the gas particles are ionized. According
to the uncertainties in Fig. 2.1, it is insignificant
if the diameter of the vapour molecules, the tem-
perature and the real efficiency of the evaporation
source are not known exactly.

With reactive evaporation high collision rates
and a high reaction capability of the reaction gas
and/or gas mixture are desired. The relationship
�=r should be < 0:5.

With reactive coating processes the partial
vapour pressure and the reaction gas supply are
adjusted exactly. The relationship of the two
reaction partners can only be determined exper-
imentally, whereby, however, in order to ob-

tain a high condensation rate the partial vapour
pressure and therewith the reactive partial pres-
sure must not be arbitrarily high. Otherwise
it comes to numerous collisions between high-
energy vapour particles and low-energy gas par-
ticles. The energy of the particles that condense
on the substrate surface is smaller than that of
the particles leaving the evaporation source. The
results are smooth films with little adhesiveness,
whose properties deviate considerably from the
bulk material. Therefore, compound generation
by reactive evaporating should take place on the
substrate surface. The rule generally is: the mean
free path of the gas particles corresponds to the
distance of the source substrate. At a distance
of 30 cm the partial gas pressure should not be
larger than 2 � 10�4mbar. The mean free path is
a statistical size.

The impurities from the collision of residual
gas molecules on the substrate surface can be es-
timated as follows:
� For each time unit and square unit on the sub-

strate the striking residual gas molecules can
be calculated with the help of following for-
mula:

NR D n Nc
4
D 2:63 � 1022 pRp

MrTR
: (2.2)

In Eq. (2.2) we have
NR the number the per second and for each

square centimetre on the substrate impacted
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residual gas molecules in s�1cm�2,
pR the residual gas pressure in mbar,
MR the relative molecule mass of the residual gas

molecules, and
TR the absolute temperature.

The number ofNV (s�1cm�2) applied for each
surface unit of the area and time units on the
vapour particle impacting on the substrate surface
is

NV D 2:63 � 1022 pVp
MVTV

I (2.3)

where we have
pV the saturation vapour pressure of the evapo-

rating material in mbar,
MV the relative molecule mass of the evaporating

material, and
TV the evaporation temperature in K.

The relationship NV=NR

NV

NR
D pV

p
MRTR

pR
p
MVTV

(2.4)

is a value for the impurities resulting from the
condensation of residual gases. For aluminium
with a relative molecule mass of MV D 27,
an evaporation temperature of TV D 1440K
and an appropriate saturation vapour pressure of
pV D 10�2mbar, a residual gas pressure of
pR D 10�4mbar and a relative molecule mass
of the residual gas of MR D 29, Eq. (2.4), is
NV=NR D 47. In the most unfavourable case,
if each residual gas particle striking the substrate
surface is adsorbed and reacted with a residual
gas particle, a residual gas particle is allotted to
47 aluminium atoms.

With a reduction in the residual gas pressure
or an increase in evaporation temperature, drastic
improvements of the purity are possible. Since
the evaporation temperature is limited, a reduc-
tion of the residual gas pressure often remains the
only possibility. The probability that a residual
gas molecule is received with each impact con-
nection is clearly under 1.

In principle these estimations also apply to for
operation of cathodic sputtering equipment. The
following must be considered:
a) Conventional sputtering uses total pressures

of up to maximum 2 � 10�2mbar, which is

too high for the operation of some kinds of
vacuum pumps. The necessary flow control
valve decreases the effective pumping speed
at the recipient port and equally increases the
residual gas partial pressure.

b) At the beginning of the sputtering process
there is increased gas pressure for a limited
time due to collisions of high-energy or ion-
ized particles, which is particularly important
with throttled pumping speed.

c) When noble gas is fed into a sputtering plant
a certain portion of other gases always flows
into the recipient. When designing a vac-
uum pump system and with the requirement
of a certain degree of purity of the noble gas
it should be considered that it has little pro-
pose to choose an extremely high degree of
purity and to permit a relatively high residual
gas and partial pressure at the same time un-
der a too high leakage gas flow or a too small
pumping speed.
A noble gas with 0.01% impurities would lead

to a sputtering pressure of 10�2mbar, without
consideration of the possible gettering of resid-
ual gas at a partial pressure of 10�6mbar. This is
irrespective of the pumping speed of the installed
vacuum pump system. In the same order of mag-
nitude, also the partial pressure may be appropri-
ate for that at residual gases, due to the equation

p D Q

Seff
; (2.5)

where Q is the accumulation of gas by desorp-
tion and leakage and Seff the effective pumping
speed at the recipient port.

2.3 Generation of Vacuum

The pressure range in which vacuum coat-
ing plants operate extends from approximately
10�2mbar into the ultra-high vacuum range. The
initial pressures before the coating process begins
are generated, in principle, by pump combina-
tions, since there is no single pump that is able
to pump down a recipient between the atmo-
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spheric pressure and the ultra-high vacuum. To
maintain an operating pressure a pump is suf-
ficient when the pumping speed is based on
sorption or condensation (ion getter pumps, cryo-
genic pumping). The operating mode pressure
range and characteristic specifications of vacuum
pumps are described in detail in books on vacuum
engineering [2, 3].

For many years, the pump combination – oil
diffusion pump–oil-sealed rotating-vane pump –
was the only possibility to create high vacuum on
industrial scale. This combination is still often
used today for vacuum coating plants, in particu-
lar for evaporating plants.

Advantages of this pumping combination are
a constant pumping speed below approximately
10�3mbar and a low dependence of the pump-
ing speed on the type of gas. Pumping speeds
from some 10 to 100,000 l=s are available. The
unfavourable backstreaming of oil steam in the
recipient, which leads among other things to im-
purities and causes degradation of the adhesive
strength of thin films, can be reduced by different
methods.

Relatively small backstreaming of oil steam
and decomposition products from oil diffusion
pumps is reached with high-quality pump flu-
ids at ambient temperature pressures of about
10�10mbar. A cooled top baffle nozzle decreases
pump backstreaming by an order of magnitude.
The additional installation of a baffle with water
cooling, refrigerators or LN2, results in a further
reduction of pump backstreaming.

At pre-evacuation by an oil-sealed rotating-
vane pump low-grade oil can get into the diffu-
sion pump and afterwards into the recipient. The
quantity of oil diverted in the high vacuum range
depends on the contra gas flow and it is the larger,
when the residual gas pressure in the volume be-
tween diffusion pump and the oil-sealed rotary
pump is lower. A pre-evacuation of the recipi-
ent over a bypass should, therefore, also not last
longer than absolutely necessary.

By gas flushing [4] or installation of a sorption
trap oil backstreaming can be decreased drasti-
cally, without the pumping speed of the pump
used for the pre-evacuation being throttled con-
siderably.

Independently of the type of pre-vacuum
pump, because of the extreme loads of the oil
in the gasket, oil free pre-vacuum pumps are
specially important, e.g. in the semiconductor
industry. The oil must possess not only the
usual properties like low vapour pressure, small
temperature dependence of the viscosity, tight
fraction and good lubrication properties, but it
also must be stable at high temperatures, inert
against chemical attack, e.g. by means of acids,
bases and halogens, inert against strong oxidiz-
ing agents (oxygen, fluorine), safe when pumping
gases with high O2-concentrations. In addition to
lubrication and sealing, the oil also performs the
function of filling dead volume, thus increasing
the compression ratio. According to on the re-
quirements, different oils are used.

Maintenance of oil-sealed vacuum pumps re-
quires safety arrangements. Cleaning of contami-
nated oiled parts, removal of dangerous gases and
dangerous sludge is not without risk for the main-
tenance staff. Oil-free pre-vacuum pumps are
suitable as pre-pumps for application in the semi-
conductor industry. They are combined mainly
with turbo-molecular pumps. Oil-free opera-
tion of vacuum pumps consists of several single
pumps with different rotor profiles, arranged one
behind the other. On the high pressure side
several pairs of rotors are adjusted in series on
a common shaft.

The principle of the pump is shown in Fig. 2.2.
The two rotors contained in each stage turn,
moving in opposite directions in the volumetric
displacement. They periodically open and close
the inlet and exhaust ports. The rotors separate
the pump chamber. On one side of the rotors the
gas is sucked in, on the other it is compressed.

In Fig. 2.2a, the suction and compression cy-
cles begin. The final space above the rotors is
reduced, that gas is compressed. At the same
time, the right rotor begins to open the inlet port,
gas is sucked in. In Fig. 2.2b, the left rotor begins
to open the exhaust port, and the compressed gas
is transported out. In Fig. 2.2c, the compression
and sucking procedures are terminated. Inlet and
exhaust ports are closed. After the passage of the
rotors to the neutral position, both procedures be-
gin again. Generally, oil-free fore-pumps consist
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1 2 4

53

a b c

Fig. 2.2 Schematic representation of the pump principle of a claw pump, 1 rotors, 2 compression chamber, 3 suction
chamber, 4 exhaust port, 5 inlet port

of four units (claw pumps) that are arranged one
behind the other.

A typical pumping speed curve as a function
of the intake pressure is shown in Fig. 2.3 [5, 6].

With the vacuum pump combination – turbo-
molecular, oil-sealed rotary pump – there is not
danger of contamination of the recipient with
professional operation. With a high compression
ratio for heavy hydrocarbonmolecules the partial
pressures keeps the hydrocarbons in the recipi-
ent without the use of a baffle under the detection
limit. Turbo-molecular pumps have small com-
pression and a smaller pumping speed for lighter
gases than for heavier ones. While the pump-
ing speed for hydrogen is only lower than 10%
for air, the compression capacity is distinguished
around nearly six orders of magnitude. Due to the
dissociation of water vapour, in vacuum coating
equipment a considerable portion of hydrogen
develops and the pre-vacuum pump must be large
enough to hold it.

The advantages of turbo-molecular pumps are
especially suitable for cathodic sputtering equip-
ment. The full use of the pumping speed is a sig-
nificant process-technical advantage of turbo-
molecular pumps, because the residual gas partial
pressure is substantially smaller than with other
equally large pumps with an upstream throttle
valve. The correct dimensioning of pre-pumps is
particularly important by higher intake pressure.

The importance of the methods that will in the
long run take cryogenic pumping into vacuum
coating technology is at present not yet foresee-
able. High pumping speed properties and thus
fast evacuation times and/or low operating pres-
sures are sufficient reasons for the application
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Fig. 2.3 Pumping speed of a four-level claw pump as a
function of the intake pressure, ______ without gas flush-
ing, - - - - - - with gas flushing

of evaporating plants operated with low residual
gas pressures. A clean vacuum with only light
gases in the residual gas atmosphere and with
high pumping speeds for hydrogen are a further
advantage of cryogenic pumping.

For working processes of cathode sputtering
plants cryogenic pumping is being increasingly
used [7–10]. The refrigerator principle is mainly
used for cryogenic pumping. In the range be-
tween 10�3 and 10�2mbar without interruption,
cryopumps can operate for many hours or days
before regeneration is necessary.

With two parallel arranged cryogenic pumps
an arbitrarily long operating time of cathode sput-
tering equipments is possible. Modern cryogenic
pumps for sputtering equipment are equipped
with a cooled baffle (Fig. 2.4). The angles of in-
clination of optically opaque baffle surfaces are
adjusted in such a way that the pumping speed
for the discharge gas, normally argon, is usually
only throttled at the absolutely necessary degree.
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Fig. 2.4 Schema of a re-
frigerator cryopump.
1 high-vacuum flange,
2 baffle, 3 cold stage, 4 ra-
diation shield, 5 pumping
surface, 6 safety valve,
7 cold stage, 8 vapour
pressure manometers,
9 electrical supply, 10 gas
supply, 11 pre-vacuum
flange
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The high pumping speed for water vapour re-
mains constant with an arbitrary position of the
throttle openings.

2.4 VacuumMeasurement

Currently, the range of thin film technology ex-
tends to about 19 orders of magnitude of pres-
sure below atmospheric pressure. Consequently,
vacuum measuring techniques have had to be
developed to measure low pressures of widely
differing magnitudes, from a few mbar to about
10�16mbar. There is no single gauge that is
able to cope with such a range, although it is
the ideal of scientists and engineers to develop
such a gauge. For pressure measurement in par-
tial adjustment ranges, a row of different physical
principles exist for vacuum measuring with dif-
ferent characteristics [11].

For the use in vacuum coating equipment es-
sentially four types of gauge are of interest:
a) Thermal conductivity gauge
b) Friction vacuum gauge
c) Ionization vacuum gauge with independent

discharge (Penning vacuum gauge)
d) Ionization vacuum gauge with dependent dis-

charge (with hot cathodes).

2.4.1 Thermal Conductivity Gauge

Thermal conductivity gauges are based on a fil-
ament mounted in a glass of a metal envelope
attached to the vacuum system; the filament be-
ing heated by the passage of an electric current.
Attainment of the temperature of the filament de-
pends on the rate of supply of electrical energy,
heat loss by conductivity through the surrounding
gas, heat loss due to radiation (and convection),
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and heat loss through the support leads to the fil-
ament.

The measurable range of thermal conductiv-
ity vacuum gauges for technical operation ex-
tends from 103 to 10�3mbar. Measurement
with thermal conductivity gauges is gas species-
dependent, and the accuracy of measurement is
different in the partial adjustment ranges. In
vacuum coating equipment thermal conductiv-
ity vacuum gauges serve for pressure monitoring
during the pre-evacuation.

2.4.2 Friction Vacuum Gauge

The measuring element of a friction vacuum
gauge is a small steel ball, which rotates in amag-
netic field. The pressure is determined from the
pressure-dependent deceleration of the steel ball.
Since the deceleration can be determined phys-
ically, an additional calibration of commercial
devices is unnecessary.

In the range between 10�2 and 10�7mbar
there exists a linear dependency in the range be-
tween 10�2 and 1mbar, where a correction factor
must be used. The unlimited life cycle, good
long-term stability and high measuring accuracy
within the pressure range, suggest a broad use of
friction vacuum gauges in the future.

2.4.3 Cold Cathode Ionization Vacuum
Gauge

With many coating processes that are operated in
high vacuum, a very exact pressure measurement
is unnecessary. In order to reach a continued high
quality of the coated films, it is often sufficient
to know whether the residual gas pressure before
the start of the coating process lies below an ex-
perimentally determined limit pressure. Typical
examples are plastic foil coating, vapourization
of plastic formed components and production of
metallic mirrors. For such applications, cold
cathode ionization vacuum gauges are suitable.

Measuring errors are attributed mainly to the
pressure-dependent discharge current generated
partially by secondary electrons, which are re-
leased by gas ions striking the cathode. The

number of excitation and ionization processes
releasing secondary electrons not only depend on
the pressure, it also depends on the surface prop-
erty of the cathode. Contamination, therefore,
leads to incorrect measurements. The measuring
range of commercial devices extends from 10�2
to 10�7mbar, which is possible with specifically
created gauges.

2.4.4 Hot-Cathode Ionization Gauge

With some coating processes the exactness of the
measurements of cold cathode ionization vacuum
gauges is not sufficient to achieve an acceptable
reproducibility of the film characteristics. Ion-
ization vacuum gauges with hot cathodes can
then be used. Hot cathode ionization gauges
use the thermionic emission of a cathode, the
emitted electrons being accelerated by the elec-
trostatic field through a grid set at a positive
potential relative to the cathode. With exact pres-
sure measurements the physical characteristics of
the process gas must be considered.

2.4.5 Total Pressure Measurement
in Coating Processes

2.4.5.1 Conventional Cathode Sputtering
Conventional sputtering equipment works with
total pressures in the order of 10�2mbar, thus
in the limits of the measuring range of cold
cathode ionization vacuum gauges and thermal
conduction vacuum gauges. Already small pres-
sure fluctuations lead to changes of the sputtering
rates and thus to deviations from the desired film
thickness. Generally, therefore, actual ionization
vacuum gauges with hot cathodes are used with
such applications. Friction vacuum gauges or
gas-sort-independent measuring diaphragm vac-
uum gauges with capacitive pressure sensor are
also assigned.

2.4.5.2 Reactive Cathode Sputtering
The feed of reaction gas to the noble gas that
causes the sputtering effect is very small. With
the reactive sputtering process of oxide coatings
a too-high feed of oxygen leads to oxidation
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of the target surface. This, in turn, leads to
a drastic decrease of the sputtering and/or con-
densation rate, film thickness deviations during
DC voltage sputtering and changed film prop-
erties. With too-low oxygen partial pressure,
however, films are part-oxidized and deviate from
films with fully-oxidized characteristics. Devia-
tions are also occur if the oxygen partial pressure
remains constant and the noble gas partial pres-
sure fluctuates. The gas volume must be kept
exactly constant during the coating procedure.
This can be achieved production plants by gas
flow regulation. Additional precise pressure mea-
surement exercises only control the functioning.

2.4.5.3 Conventional Evaporation
If the residual gas pressure during evaporation in
high vacuum is so low that the impurities do not
execute a measurable negative influence on the
film characteristics, it is completely sufficient not
to exceed a given limit pressure during the pro-
cess cycle. Exact knowledge of the pressure in
the recipient is not necessary.

2.4.5.4 Reactive Evaporation
With reactive evaporation, the evaporation speed
and/or the condensation rate and the partial pres-
sure of the reactive gas component must be ex-
actly coordinated. Deviations from the standard
pressure lead to changes of the film properties.
At constant gas flow the pressure is a proportion
of the condensation rate and, therefore, it can be
used for its regulation.

For precise pressure measurements during
reactive coating processes, ionization vacuum
gauges with hot cathodes are sufficient. Vacuum
gauges with thorium oxide covered cathodes,
linearized display and pressure ranges ranging
from approximately 1 to 10�7mbar over several
decades have a long lifetime and fulfil accuracy
requirements.

2.4.6 Partial Pressure Measurement

High purity coatings must be manufactured at
a sufficiently low residual gas pressure. Since the

effect of the individual residual gas components
is very different, we must have a total pressure
measurement with the specifications of the still
permissible residual gas pressure. This leads to
oversizing of vacuum pump systems.

Moreover, a total pressure measurement is not
necessary, if the pressure of additional gas feed-
ing in the recipients is to be kept constant, while
the partial pressure of the other residual gases
vary more or less strongly. This is not always
the case with coating equipment due to the vol-
ume of gas fluctuating inside the equipment due
to heating during evaporation or by bombardment
with particles by sputtering. For gas-species-
dependent processes, the use of partial pressure
gauges for quantitative recording of all gas com-
ponents is important for the process cycle.
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3Vacuum Evaporation
H. Frey

3.1 Introduction

PVD (physical vacuum deposition) methods are
the following: [1]:
� Vacuum evaporation
� Ion plating
� Cathodic sputtering.
These three techniques are also used in reactive
processes for coatings with chemical compounds,
as well as molecular beam epitaxy [1–5], which
is a variant of vacuum evaporation. With ion im-
plantation [6–10], one can change the properties
of solid surfaces without coatings. This is not
a coating process.

PVD procedures are divided into plasma sup-
ported and not plasma supported processes. Vac-
uum evaporation in high vacuum is not a plasma
supported procedure.

The influence of excited or ionized residual
gas or vapour particles on the film growth pro-
cess and, thereby, on the film properties is very
favourable for many applications of thin film
technology. We therefore, try to produce charged
particles also with evaporation.

3.2 Fundamentals

3.2.1 Evaporation Processes

Evaporation in high vacuum uses evaporation
sources to heat up the coating material until a suf-
ficiently high vapour pressure is attained, so that

a desired evaporation rate is reached. The vapour
pressure that develops over a liquid or by sub-
limation of a solid material, is a function of
temperature. If both phases (solid and/or liquid
and vapour states) exist side by side in a closed
chamber at the same temperature, the equilib-
rium pressure is called the vapour pressure or
the saturation vapour pressure. In such a state
of equilibrium an equal number of atoms of the
solid and/or the liquid exchanges into the gaseous
phase, as atoms from the gaseous phase con-
dense: the evaporation rate and the condensation
rate are identical.

This equilibrium state can realized, e.g. in
Knudsen evaporators. With evaporation no ideal
conditions are present because the vapour at the
lower temperature adjudged substrates, installa-
tions and recipient walls condense [11].

The saturation vapour pressure that adjusts
over a liquid or a solid as a function of the tem-
perature pD can be calculated by means of the
Clausius Clapeyron equation:

dpD

dT
D �QD

T
�
Vg � Vfl

� : (3.1)

In Eq. (3.1):
PD is the saturation vapour pressure,
T the temperature of the evaporation material,
QD the heat of vapourization,
Vg the molar volume of vapour,
Vfl the molar volume of the evaporating liquid

and/or the sublimating solid.
The molar volume in the liquid or solid state is
very small in comparison with that of the vapour

13© Springer-Verlag Berlin Heidelberg 2015
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phase. For the saturation vapour pressure at high
vacuum evaporation the laws for ideal gases are
applicable. This also takes VG � Vfl � VG �
RT =pD from Eq. (3.1),

dpD

pD
D �QD dT

RT 2
(3.2)

or
d.lnpD/

d
�
1
T

� D ��QD

R
: (3.3)

The reduction of the vapourization heat with in-
creasing temperature is so small in the range
interesting for the evaporation process that it can
be regarded as constant.

By integration of Eq. (3.3) we obtain

lnpD D A0 � �QD

RT
(3.4)

and
pD D Ae� B

T ; (3.5)

where
A is an integration constant, and
B is a constant depending on the heat of vapour-

ization and, therefore, on the evaporation ma-
terial.

In Eq. (3.5), which is valued in good approxima-
tion to vapour pressures up to about 1mbar, there
is a characteristic of evaporation technology. Be-
tween the respective saturation vapour pressure,
the condensation rate and the temperature of the
material in the evaporation source there exists
an exponential correlation, which means that rel-
atively small variations in temperature lead to
relatively large changes of the condensation rate.
Vapour pressure values of metals as functions of
temperature are listed in detailed tables (Fig. 3.4).

To obtain the derivation the relations one pro-
ceeds from the equilibrium that the same number
of particles leaving the liquid or solid surface re-
turn to the surface. Since the number of particles
returning to the surface is an explicit function
of pressure, temperature and relative molecule
mass, the particles can be calculated from gas-
kinetic laws:

N D nc

4
D 26:4 � 1021 � pDp

MT
; (3.6)

where
c is the average speed of the vapour particles

in cm=s,
n the number of particles per cm3,
pD the saturation vapour pressure in mbar,
M the relative molecular mass of the evaporat-

ing particles, and
T the temperature of the evaporation source in

K.
The mass m (in g) of an individual molecule is:

m D M

L
D 1:66 � 10�24 �M;

L D 602:3 � 1021molecule=mol : (3.7)

The unit area evaporating quantity of G that
evaporates at each time (in g cm�2s�1/ can also
be calculated from Eqs. (3.6) and (3.7):

G D 0:044 � pD

r
M

T
; (3.8)

with
pD in mbar and
T in K.

The evaporation rates as a function of temper-
ature are listed in Fig. 3.1 for some metals. In
practice, the margin of option for the evaporation
rate is not very large. Slowing evaporation ve-
locity leads to undesirable reactions with residual
gases. Undesirable part-oxidic coatings develop,
e.g. in connection with oxygen. If we want to
avoid impurities or still hold the impurities within
permissible limits in the coatings, the residual
gas pressure must be kept accordingly low during
the coating process, with relatively slow evapora-
tion.

At too fast evaporation, which means that
the vapour pressure over the source is too large,
vapour particles collide with each other. They do
not arrive without collisions at the substrate sur-
face, a part returns to the evaporation source.

Even more serious consequences of too high
temperatures of evaporation sources are the spon-
taneously formed vapour bubbles. The evapora-
tion material is ejected by splashing out of the
evaporation source, which arrives partially also
the substrate, which leads to film damage.
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Fig. 3.1 Evaporation rate of metals in the high vacuum range

In practice, vapour pressures are usually in
the order of 10�2mbar with evaporation in high
vacuum. According to Eq. (3.8) this corre-
sponds, for example, to a relative molecular
mass of 100 and a temperature of the evapora-
tion source of 1800K to an evaporation rate of
10�4 .g=.cm�2 s�1/.

An increase of the condensation rate is pos-
sible with an enlargement of the evaporating
surface. Figure 3.1 also shows that the evapo-
ration rates as a function of temperature change
strongly. With zinc as an example, a material that
is relatively simple to vapourize, a rise in tem-
perature of approximately 330 to 400 ıC leads to
an increase of the evaporation rate from 10�4 to
10�3 g=.cm�2 s�1/, i.e. if the temperature in the
indicated range changes by only about 7 ıC, the
evaporation rate changes about 100%. In order
to increase the evaporation rate of titanium from
10�4 to 10�3 g=.cm�2 s�1/, the temperature, for
example, must be increased from 1560 to approx-
imately 1760 ıC.

3.2.2 Transport Phase

The vapour particles emitted from the evapora-
tion source have a mean energy ED of

ED D m

2
v2 D 3

2
kTv D 1:29Tv ŒeV� ; (3.9)

where
m is the mass of a vapour particle in g,
k 8:62 � 10�5 in eV=K,
Tv the temperature of the evaporation source in

K, and
v the particle velocity in cm=s.
The energy of the vapour particles depends on
the evaporation temperature. The maximum of
the Maxwell distribution curve is, for example, at
a source temperature of 1500K at approximately
0.2 eV and at 2000K source temperature at ap-
proximately 0.26 eV, with the assumption that
no collisions take place between vapour particles
and residual gas particles with lower energy.
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Fig. 3.2 Percentage of outgoing vapour particles at an evaporation source. The vapour particles collide with the
remaining gas as a function of �=r

The two examples show that the energy of
vapour particles is relatively low and, therefore,
at extremely high evaporation temperatures it
also remains low compared to particle energies at
sputtering or ion plating. Since for a certain coat-
ing material the evaporation temperature may be
varied only within close limits, the particle en-
ergy is fixed and can be changed only a little.

At higher residual gas pressures the vapour
particles transfer energy at each collision to the
lower energy residual gas particles, until af-
ter sufficient collisions they finally reach energy
equilibrium. Then it is valid that

ED D m

2
v2 D 3

2
kTR ; (3.9a)

where TR is the temperature of the residual gas
and/or that of the recipient wall.

At a recipient temperature of 300K the vapour
particles would only have an energy of less than
0.04 eVafter many collisions with residual gas
particles independently of the evaporation tem-
perature. In the transport phase, molecular com-
pounds can develop through collisions between
vapour atoms and residual gas, which lessens the
purity of the film.

Figure 3.2 shows the percentage of vapour
particles emitted from the evaporation source that
collide with residual gas molecules, as a func-

tion of the relationship between the length of the
mean free path and the distance between source
and substrate.

3.2.3 Condensation Phase

On collision of a vapour particle with the
substrate surface the vapour particle possesses
a definitive mobility. The particle moves so long
on the surface until it takes a fixed place. Since
the binding energy of a vapour atom to the sub-
strate is usually smaller than the cohesion energy
of the vapour atoms to each other, a vapour atom
diffuses – a sufficient energy is pre-supposed –
until it meets another vapour atom and finally
forms a nucleus. This nucleus formation at the
beginning of the coating process preferentially
takes place at defects of the substrate surface and
first generates islands. By constant growth, the
islands grow into one another, until a continuous
film develops.

The growth of the nucleus depends on the
coating conditions; it prefers high substrate tem-
peratures, a low melting point of the coating
material and a low condensation rate. Of particu-
lar importance for the film growth process is the
energy of the vapour particles, and with plasma
supported processes, the constant bombardment
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of the surface film by high energy gas molecules
or ions.

However, not all molecules that hit the sub-
strate condense. The relationship of the condens-
ing vapour particles to the striking vapour parti-
cles is called the condensation coefficient. The
critical condensation temperature can be shifted
to higher temperatures by increasing the vapour
beam density. We can also reach a similar effect
by applying an intermediate film, the so-called
seed film. The limit temperatures for progres-
sive condensation are quite different, depending
on the material combination.

According to experience, substances with a
high boiling point condense better than those
with a low boiling point. According to a rule
of thumb, for coating materials whose boiling
point lies above 1500 ıC, one can assume that the
condensation coefficient at room temperature is
almost 1.

Above the critical condensation temperature
at a solid surface, a vapour beam is reflected.
One uses this effect, for example, for evaporation
from top to bottom, by providing an evaporation
source with a heated roof, by which the vapour
beams are directed in the desired direction.

3.3 Evaporation of Different
Materials

3.3.1 Chemical Elements

With evaporation of a substance heated in high
vacuum, the area-specific evaporation rate after
Langmuir [12] is

˛v1 D ˛ � 4:4 � 10�4 � ps

r
MD

T
; (3.10)

where
˛ is the coefficient of evaporation (for ideal

evaporation it is ˛ D 1),
˛v1 in g=.cm2 s/ the surface-related evaporation

rate,
pS in 10�2mbar the saturation vapour pressure

at the temperature T ,
MD the mass of the evaporation material, and

10–4 10–3 10–2 Torr 10–1

10–1 10 Pa1
1

0.8

0.6
σ

pG

0.4

Fig. 3.3 Transmission coefficient � as function of the
gas pressure pG at the evaporation of copper. Residual
gas: air, pR < 10�4 mbar; process gas: argon; vapour
pressure over the melt: pD D 0:01–0:03mbar, ˛v1 D
3:2� 10�4 g=.cm2 s/ with pR < 10

�4 mbar, ˛v1 and ˛v2

determined by weighing by difference

T the absolute temperature of the evaporated
material in K.

Equation (3.10) is valid under the condition
that an evaporated molecule is not backscattered
through gas or a vapour cloud over the evaporator
on the vapour-emitted surface. If this assumption
is not applied, then the surface-related evapora-
tion rate ˛v2 is reduced by the factor � :

˛v2 D ˛v1� : (3.11)

� is a transmission coefficient and can take values
between 0 and 1, depending upon the rate ˛v1 and
the gas pressure pG (Fig. 3.3). A gas pressure of
0.01mbar already has a substantial influence on
the evaporation rate ˛v2.

To calculate the evaporation rates empirically
determined values of the vapour pressure must be
used. The saturation vapour pressure depends on
the temperature as follows:

ps D K1e
�K2=T ; (3.12)

where K1 and K2 are material-dependant data
from Fig. 3.4. For aluminium, the saturation
vapour pressure rises from 0.01 to 0.1mbar if the
temperature increases from approximately 1400
to 1500K. The saturation vapour pressures for
aluminium are reached at temperatures between
500 and 600K over the melting point. Tung-
sten has a similar saturation vapour pressure at
temperatures between 3600 and 3900K, i.e. at
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Fig. 3.4 Saturation vapour pressure ps of some elements in the temperature range between 1000–4000 K

temperatures within the range around the melting
point.

The surface-related evaporation rate ˛v1 is
with Eq. (3.12)

˛v1 D ˛ � 4:4 � 10�4K1

r
MD

T
e�K2=T : (3.13)

Because of the temperature dependence on the
saturation vapour pressure, the evaporation rate
also grows exponentially with the evaporation
temperature (Fig. 3.5). For technical purposes of
coating, evaporation rates must be in the range of
10�5 to 10�2 g=.cm2 s1/. The curves in Fig. 3.5
show that generally evaporation from the molten
phase must take place in order to achieve the
required rates. Only in special cases can the
evaporation from the solid state, which means via
sublimation, take place.

Impurities, like oxides and carbides, whose
density is smaller than that of the evaporation
material, occur by melting the vapour delivery
surface and partly covering it. Thus the evapo-
ration rate is reduced. Such disturbances do not
occur if the impurities have high vapour pressure,

if the impurities thermally decompose or if the
vapour can diffuse through the impurity. The
high surface temperature due to direct electron
beam heating stimulates the thermal decomposi-
tion of disturbing films on the melt. By use of
evaporation material of high purity and evapo-
ration from water-cooled crucibles, the influence
of impurities on the evaporation rate can be kept
small.

3.3.2 Alloys

If alloys are to be manufactured, a constant
composition from the components on the en-
tire substrate surface and over the film thickness
is necessary. The evaporation of alloy films
essentially takes place according to two princi-
ples: multi-crucible and single-crucible evapora-
tion (Fig. 3.6).

During multi-crucible evaporation [13–15] the
components evaporate separately from several
crucibles, to which the number of components
corresponds. The components condense together
on the substrate surface. During single-crucible
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Fig. 3.6 Principles for
evaporation in the film
of alloys with defined
composition (example for
a binary alloy AB, XB: : :

part of component B in
percentage by mass)

Crucible with
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evaporation a vapour stream with the composi-
tion required for the film is produced and con-
densed on the substrate surface. A variant of
single-crucible evaporation comes from a melt
that continues after charging the composition
with evaporation properties from a required alloy
at the film [16].

3.3.2.1 Multi-Crucible Evaporation
Multi-crucible evaporation can be described by
the example of the binary alloy AB with the
components A and B. Over the two crucibles

separate vapour streams develop, with the evap-
oration rates ˛vA D ˛vA.MA; TA/ and ˛vB D
˛vB.MB; TB/ in accordance with Eqs. (3.10)
and/or (3.13).
MA andMB are the masses of the components

A and B and TA and TB the temperatures of the
vapour delivery surfaces. If the crucibles are ar-
ranged at a distance l from each other, whereby l
is small against the distance hV between the sub-
strate and the crucibles, then an expanded range
results, in which the vapour stream contains both
components of the alloy.


