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I ntroduction

Introduction

LAL-Orsay is developing an important effort on R&nd technology studies on RF power
couplers for superconductive cavities. These angpbex and high technology devices due to
their basic functions: RF power matching betweanr@and cavity, vacuum and temperature
separation from the environment to the cavity. ©héhe most critical components of high
power couplers is the RF ceramic window that alldkes power flux to be injected in the
coaxial line. The presence of a dielectric windowan RF power line has in fact a strong
influence on the multipactor phenomena, a resomdedttron discharge that is strongly
limiting for the RF components performances. Thesimmportant method to reduce the
multipactor is to decrease the secondary emisseld gf the ceramic window. Due to its low
secondary electron emission coefficient, TiN thimfis used as a multipactor suppressor
coating on ceramic coupler windows. In additior\ iermits to drain away electric charges

on the surfaces to avoid material break down.

In this framework, a sputtering machine was devedopllowing thin layer titanium nitride
coating on ceramic. The coupler operating condgtidtine physical properties of TiN layer and
alumina substrate in addition to windows geomethiage defined the strict constraints that
have been taken into account in the definitiorhef¢oating bench design. In this study, a full
description of sputtering machine will be given.

By maintaining a constant bias and a fixed ionisagas flow, an optimisation of reactive gas
flow will be necessary for stoichiometric deposibtaining. Once these parameters
determined, a study of deposition rate variationdifferent process pressure value will be
done. The influence of substrate to target distamcdeposit stoichiometry and thickness will
be also presented.

As TiN deposit thickness is a very important pargent control, a correlation between
guartz crystal microbalance given value and thedeposition thickness is determined for a

better in-situ monitoring.
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Fondamentals and study’s framework

|- Power coupler for superconductive cavities

Over the last few years, many different physics momities have shown a renewed interest
in particle accelerator machines and particulaimmads. In fact, the request for increased
machine performances, as far as the beam bunchhleagd the limits given by the
synchrotron radiation are concerned, has to tateeancount the limitations imposed in the
storage rings. Thus, new innovative concepts oéainmachine are being developed
worldwide, as example we name the energy recoveags (ERL) project, the proton high
intensity machine and, last but not least, therivatonal linear collider (ILC).

In these different frameworks, a common elementhes utilisation of superconductive
accelerating cavity technology. In fact, thankshi® recent significant increase in accelerating
gradient, cold technology is considered suitable fagh current and high gradient
accelerators.

To provide power to superconductive cavities, spledevises called RF power couplers are
used. These last have to assure a good matchimgdretthe RF source (Klystron) and the
cavities, in addition to an efficient separationtween the two different volumes

characteristics (air and vacuum) for the electrametig wave propagation (figure I-1).

HF ]
WUUQ Power coupler

Wave guide

Klystron

Beam

Superconductive cavities

Figurel-1: Coupler position in an accelerator power network.
Presented coupler is a coaxial one allowing elestricoupling with cavities using an antenna.
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I-1- Role of power coupler for superconductive tiagi

Focusing on superconductive cavities operating it@md and strict constraint required to
guarantee best performances and excellent pregervait beam characteristics, it become

easy to deduce the roles that must fulfil an apjpate power coupler [1], [2].

[-1-1- Electromagnetic role

Power coupler basic function is to assure apprtpretching between RF power source and
the cavity taking into account also the beam logdAn antenna is usually used to bring the
delivered power into the cavity. Optimal couplisgobtained by an appropriate penetration of
the antenna in the beam tube. However, this lgperation can induce a dissymmetry in

transversal electric field, and so the deviatiomafelerated bunch. That's why a compromise
should be found between those two constraintshdfdonstraints are limiting the use of a

symmetric input, using two couplers, is taken iateount to restablish the symmetry at least
for the dipole mode.

Coupler must also guarantee a good impedance didapbetween RF power source and the
cavity. Moreover, Ohmic loss in coupler should b@imised and an appropriate evacuation
of the temperature from the internal part of theitgahas to be provided not to affect the

superconductive state. For those reasons, int@mgbler conducting surface are made of

copper.

[-1-2- Vacuum barrier

Superconductive cavities are submitted to strichst@ints of cleanliness and vacuum
conditions that power coupler have to preservea@ar windows are used to allow a good
transmission of the electromagnetic wave withoutiical temperature increasing but they
play also the role of effective separation betwtdenultra high vacuum cavity environment
from air (environment of the source). Windows cavéhdifferent geometries depending on
coupler design, they can be coaxial planar, plasarylindrical.

Those ceramic components are problematic deviseaube of their fragility and the

additional industrial process- like brazing anathim deposition- that they may need before




Fondamentals and study’s framework

being a part of a coupler. Their positions intc tlater must be optimized to avoid very high
fields at their location.

On another hand, as the coupler is a subject topmgnand HF excitation, it must not
produce element that may contaminate cavities enwient. Thus, an appropriate treatment

of coupler internal surfaces should be planned.

[-1-3- Thermal interface
Superconductive state is hard to maintain duringties functioning especially under high
accelerating gradients. Consequently, the smadbestrn or local thermal influence could let
the cavities loose their superconductive state.
Cryogenic modules assure an efficient thermal tsmiaof cavities with the assumption that
couplers are well designed and studied to guaramtegood isolation from ambient
temperature medium. A cold region of the power ¢@upas to be taken into account as a
fully integrated part of the cavity itself (Figure).

Figurel-2: Coupler cold part integrated in cryogenic moduleaafilly part of superconductive cavities series

As the power coupler is the interface between Hiko(temperature of ~300K) and cavities
(Cryogenic medium of ~1.8K), it must have an impaottthermal resistance to guarantee a
high temperature gradient between its extremitied then avoid thermal flux transfer
between the two mediums; hence the choice of stsréteel as a coupler basic material. At
the time, as previously said, the copper platingtnguarantee a good thermal evacuation of
the cold part heating when RF power is injectethecavity. So we face two requirements:

» a good thermal insulation to preserve the cavityperature in static mode, i.e when

there is not RF,
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» a good thermal conductivity, to evacuate the hgagiven by the RF (dynamical
mode).
All the thermal design is a careful process of Eoation of these two requirements to
maximise the coupler performances.
Components materials choice and coupler geometrgt rbe validated by a software
simulation of mechanical stress caused by importaniperature gradient. This allows
avoiding some characteristics degradation, as atlaptto electromagnetic wave and sealing.

I-2- Power coupler design: example of TTF-IIl model

The significant increase in accelerating fieldsuperconductive cavities during the last years
have induced new functional constrains. In ordeptopose new technological solutions,
considerable efforts have been deployed in theystaid conception of new coupler
prototypes more and more reliable. To better ithtst the main parts of a coupler and their
function we will provide in the following a conceeexample. In Figure 1-3, the TTF-III
model is illustrated. This is the baseline solutionthe future XFEL linac in DESY and for
the ILC. This model choice is not trivial as itaee among other prototype we study in our

laboratory.

Beam tube

~73cm

Pumping port
70 K point

4K 3point

temperature

Wifidow Room temperature

Isolation vacuum flange ~ Cold window Flange to cavity

m Cold part

Cryogenic module Cavity

Figurel-3: TTF-IIl coupler presentation and its integrationényogenic module

The observation of TTF-1Il coupler design allowe ttifferentiation of three main functional

parts.
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[-2-1- Cold part

TTFE-11l coupler cold part is looking to the intetnaart of the SC cavity, sharing the same
vacuum, in the beam line. A cylindrical ceramic dow (cold window), placed at the input of
this part, allows the limitation of the pumped vok shared with cavities, and all at once,
permits a good propagation of Electromagnetic wavehe extremity of cold part, a copper
antenna permit power coupling in fundamental modie the cavity.

Temperature in the cold part is regulated thankfitee thermalization points. The first one,
localised near the cold window, have a temperdixeel at 70K, making a preliminary screen
against thermal flux propagated essentially frommmvgart of the coupler. Thermal looses
must not exceeds 6W at this level. The second psimhaintained at 4K and presents a
second protection against thermal transfer intocthaties that must be lower than 0.5W. the
last point, localised at the flange in the extrgnoit this part is maintained at 1.8K, functional

temperature of the cavities, The thermal powersfianin this point must be less than 0.06W

[3], [4].

[-2-2- Warm part
TTF-11l coupler warm part has a vacuum totally ipdadent from the cold part. In fact, it is
delimitated by the cold ceramic window and a simdther one (with larger diameter) called
warm window, which makes an interface between theuum and the air. Unlike the cold
part, the warm one is exposed to ambient temperaliuwas designed to provide the needed
gradient between external temperature and the biieedfirst thermalization point of cold
part.

[-2-3- Wave guide transition
This part, totally on air, has essentially an elmuilagnetic role to play. It permits a
progressive adaptation of the RF signal betweenewaude network and warm part of the
coupler. Some diagnostics could be performed thankwmeasurement holes in the cupper
box, like metal temperature control (PT100 detg¢ctarc observation on warm window (arc

detector), and temperature measurement on cer#razefector).
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The assembly of the wave guide transition and waam must perfect in order to ovoid RF
leak and bad contacts that could be at the oriflextric arc. This part is provided with a

hole that permit introduction of a cooling gas ase of excessive heat of warm window.
|-3- Behaviour of coupler in HF power exposure

The behaviour of couplers submitted to RF powdt géry unpredictable. Their design
complexity and their use for power increasinglyrhimpose their studies in more and more
constraining operational conditions. The difficulef an exhaustive modelling of those
devices requires the use of experimental methddsvialy diagnostic of phenomenon that
may happen during RF exposition and analysis of someanents obtained during this
operation. The procedure called « coupler conditi@r is an essential step in preparation
and treatment process of coupler after their faltioo and before their assembly with cavities
[5]. It consistson a progressive increase of RF power deliverethbysource to the coupler
till reaching the maximum value that coupler hapravide to cavities in normal functioning.
This procedure permits coupler progressive adaptato RF and evaluation of their

performances, in addition to the monitoring andgtugly of its responses.

When the coupler is exposed to RF power in vacuwnditions, different physical
phenomena may occur into it, and in some casesaase significant damage. Among those

phenomena we can cite:

[-3-1- Excessive electric field
Some welding and brazing imperfections can capgees on the surface. The latters will
attract electrons causing an excessive electritd fand generating energetic electron
emission. This phenomenon is called the electroaway effect.
In case of vacuum degradation, electric arc mayrmcausing a serious damage on power
coupler surfaces by evaporation certain materiald #us contaminating the cavities, or

worst, breaking the ceramic window and eliminatewsn barrier.

1-3-2- Degassing
Surfaces excitation under vacuum condition by Riwgyocan cause desorption of chemical

entities trapped on coupler surfaces, which cartarnimate cavities environment and may
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decrease their performances. If the degassing igortant, it can create conducive

environment for arcing.

[-3-3- Multipacting
Multipactor discharges are considered detrimermdRE systems in most applications. The
discharges can detune RF systems, limit the dgligépower, damage high power sources
and cause a local pressure rise due to the demomtisurface face gases. In some cases [6],
[7] multipactor can induce a glow discharge beldw &xpected minimum pressure for a
multipactor-free, Paschen-type RF glow discharde [8

We will return in more details to this phenomenorhe following.

As we have just seen, all this phenomena are tetateoupler internal surface state, excited
by RF power. Thus, a particular attention must &id pt this subject in design and fabrication
step as well as in treatment phase before assegrblicavities.
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lI- Coupler ceramic windows

According to what we have seen previously, cerawiitdows are components of extreme
importance in RF power coupler for superconductbaities. They allow an excellent
separation between air and ultra high vacuum mesliand a good RF wave adaptation in
warm and cold part of power coupler (Fig. 1-4).

Transition
Air |

y MR Warm cylindrical
ceramic window

Transition _{T? le_n_t_t"

Cold cylindrical /

ceramic window

(D) Couplerwarm part (2) Coupler cold part (3 Wave guide transition (4) Tunning rode

Figurel-4: Location and role of ceramic windows in TTF-lllvper coupler

Alumina (Al,Os3) is a common material for RF windows. Besidesriexchanical strength, it is
stable under thermal treatment and has a low azitigarate [9]. Nevertheless, as we will
explain in the following, some of its physical pevpes can cause problems when exposed to
RF power. In addition, to be integrated to the ¢eym ceramic window must be brazed to
copper, which will lead to the formation of metakulator interface called «triple junction»,
source of primary electron emission [10]. Figure $how brazed ceramic windows of two

different geometries.
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Figurel-5: TTF-lIl brazed cylindrical alumina coupler window), TW60 brazed disk alumina
coupler window (B).

lI-1- Secondary electron emission yield

The Secondary Electron Emission Yield (SEY), ded@teexpresses the faculty of a surface
to emit electrons when exposed to a primary elacftox. It is function of the surface

characteristics and of the primary electron enefidye typical dependence of the secondary
electron emission yield as a function of the inoidelectron energy has usually the standard

shape presented in figure I-6:

SEY ¢

By

Energy

Figurel-6: Standard shape curve of secondary electron emissianfunction of incident electron energy.

If the SEY varies depending on materials, the iarae of the shape is due to the fact that the
principle is always the same: incident electrorenatt with a number of electrons, at
superficial layer of the surface, proportional t® kinetic energy. When this later increases,
incident electron penetration become very importard the electrons with which it interact

will not be able to emerge and leave the surface.

10
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When the value aj is greater than 1, it means that more than orareteis ejected from the
surface. This is one of the establishment condstiohmultipactor phenomenon that we will
introduce later. At the primary ener@na, Secondary electron production is at its maximal
value dmax and thus multipactor can be very intense. As padtior is a harmful physical
phenomenon for RF devises, it is important to rib& it isn’t the most energetic electrons
that are the most nocuous.

To be back to alumina ceramic, we present in fidtitehe secondary electron emission yield

curve.

Ceramic (97.5% of pure Alumina)

SEY

0 : : : : . .
0 500 1000 1500 2000 2500 3000 3500

Energy (eV)

Figurel-7: Secondary electron emission yield vs. energy fomida ceramic window.

It is clear that for a wide energy range, SEY &irAina ceramic is bigger than 1. This means
that ceramic windows could be the site of intensatipactor activity if the other conditions

are fulfilled.

lI-2- Multipactor Phenomenon

[I-2-1- Description of multipactor discharge
Multipactor effect is an electron-avalanche disgkeathat can occur on material surfaces
exposed to RF electromagnetic fields in vacuum itimm.
This electron multiplication process occurs whereatnracted electron gains energy from the
alternating RF fields and strikes the surface w&ithmpact energy in a range corresponding to
a secondary electron emission yieldgreater than 1. Figure 1-8 depicts a simplifiectyre
of multipactor discharge.

11
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Figurel-8: Simple explanation of a multipactor discharge vethelectric field oscillating between two metal
electrodes. Upon each electron impact, secondagtelns are emitted from the surface, multiplying total
number of electrons with each half cycle [11].

In panel A, an electron is born and then acceldrhyethe oscillating electric field of the form
Eo sin (wt), with amplitudeEy, frequencyw and timet. In this example, the electron hits the
opposite electrode with sufficient energy for enoissof two secondary electrons. This
emission occurs near the time when the field regedirection aiwt = z, and these two
secondary electrons, shown in panel B, are theelerated across the gap in the reverse
direction. Again, these electrons traverse the igapalf the cycle time and impact with
enough energy to cause further electron multipbcaby secondary emission. This process

continues with each half cycle as the multipactrafiops [11].

[I-2-2- Conditions for multipactor establishment

The resonant electron motion described in Figréles on several factors for the successful
development of the multipactor discharge.

First, the RF power and system geometry coupletl wie accelerating electric field must

give rise to this type of resonant electron motiaom;the electric field must be just right for a

given frequency and geometry in order for electrangnpact the two surfaces in phase with
the field. For example, if the electric field isotdigh for a given frequency and electrode
spacing, the initial electron will impact too earlyhe secondary electrons will be emitted

against the electric field, and they will not béeato accelerate back across the electrode gap.

12
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On the contrary, if the electric field is too lowhe electron may impact with insufficient
energy for secondary electron emission. As a careex, electrons which sustain the
multipactor are focused into a narrow sheet ovenyr@/cles, impacting with the required
phase range to sustain the resonance.

Secondly, the impacted surfaces must allow for & ga the number of electrons by
secondary emission. In fact, the secondary eleatomificient of material surface must be
greater than unity for the incoming electron energige electrons of a pure multipactor
discharge are supplied completely by secondary stoms so the secondary emission
coefficient is critical to the development of theaharge.

Lastly, it is necessary for this discharge to oamoder vacuum pressures, typically less than
1 mTorr [6], as frequent collisions with backgrougals can prevent the necessary resonant
electron motion.

When the proper geometry, RF and voltage are cagadlimvacuum with surfaces possessing

the necessary secondary electron emission chasticermultipactor discharges can occur.

[I-2-3- Mechanisms and order of multipactor
Two multipactor mechanisms are described in liteeaf12], [13]. The first one corresponds
to impact points that are superposed, or that s do the first impact point. In this case,
electrons trajectory have nearly the same starttpdhis phenomenon is called a one-point
multipactor. The second is characterized by elestroesonance between impact points
belonging to two different plans. Electrons displaent will follow phase fluctuation of
electromagnetic field established between the twéases. In this case, the phenomenon is
called a two-point multipactor. Generally, we aall n-point multipactor the one that resonate
between n impact plans.
Multipactor is also characterized by his orderjrkd for a one-point multipactor as complete
oscillation period number of the electromagnetatdiibetween electron emission instant and
the first impact. In general manner, for n-pointltippactor case, the order is defined as the
total complete oscillation number during n impaetsire cycle. The lower multipactor order

is the higher in its stability and the most harmful

13
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Plane 1

4th order multipactor
at 2 points

Figurel-9: Representation of dorder two-point multipactor.
Order is given by the oscillation number occurringhe space, so that an electron ejected frompmiet, come
back to it after impacting one other point in ahet surface [5].

[I-2-4- Multipactor damages on Alumina windows

According to what we have just seen above, multggaphenomenon can easily occurs in

alumina ceramic due to the high SEY at all energlpues. The results will be a sudden and
drastic increase in the electronic current that ceeate damaging arcs that may lead to
surface flashover, in addition a load mismatch emudangerous reflected wave components
to the RF source. The existence of «triple junctjaiue to ceramic-cupper brazing, makes the
window more vulnerable because primary electrorssioin at this level causes accumulation
of positive charge that may perturb electricaldiélhis effect, in addition of heating may lead

to material evaporation an electrical breakdowecff
[1I- Multipactor suppressor thin film

According to what we have seen previousig presence of a ceramic window on a high power
RF line has a strong influence on the multipactoerqomena. The only way to suppress, or at least
attenuate this effect is to decrease the secoredacyron emission yield of this device by coatitg) i
surface with a thin layer of a material havinga BEY .

Several thin film coatings like Cr, CrN, TiCr [28]r,05 [24, 27], Diamond Like Carbon (DLC) [10],

Ti [27] and TiN [9, 10, 24, 26, 27], were used fois purpose. The aim was to reduce the multipactor

and to confer a long-term stability to the surfaoeler operating conditions. Among these materials,

14
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TiN is the most appropriate material, widely usemt only for coupler ceramic window coating
[9, 26], but also for most RF devices that canuigest to multipactor occurring [23, 24, 27, 28].

In fact, beside its excellent mechanic propertiegh hardness, good wear and corrosion resistance),
TiN is characterised by a low SEY that remains Ist@im RF operational conditions. This criterion
makes it the most reliable multipactor suppressadun RF devices. To show the efficiency of this
material, we show in Figure I-10 a superpositionse€ondary emission yield for TiN coated and

uncoated ceramic window.
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Figurel-10: Influence of TiN coating in Secondary electron sinis yield decrease

The difficulty with TiN is to catch the right stdgimmetry. In fact, several nitride compound
of titanium (TiN,) can be obtained if the coating process is not eyglmised. This difference
of composition can induce a change in film progsrtVarious methods have been employed
for TiN deposition [26, 29-32], among them reactppittering technique (DC and RF). The
importance of sputtering methods is that they imgoh number of parameters that allow
different combinations for a high quality films abting with required properties.

In our case DC reactive magnetron sputtering velichosen for TiN depositiofg- IV- DC
reactive magnetron sputtering)

Some precisions have to be, however, done congemindeposit. Operational conditions in
RF field induce some additional constrains in oepakit characteristics. In addition to
stoichiometry, film thickness has to be optimised & good functioning condition of the
ceramic window. In fact, deposited layer shouldtbek enough to reduce multipactor effect,
but not so much to prevent increasing RF poweecétin in ceramic surface because of its
properties modifications. According to Lorkiewickz &. [26], a range of 7-15 nm thickness

has been found a good compromise between thesadmbbry requirements.

15
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llI- DC reactive magnetron sputtering

Before presenting this technique, let's describeflyrthe basic sputtering process that is at
the origin of many deposition derived techniques.

llI-1- Basics of sputtering deposition

Sputtering is a conceptually simple technique: rgelamade of the material to depose is
bombarded by energetic cations, attracted by tlgeetanegatively biased. When the cations
strike the target they dislodge its atoms and sputtem off. The dislodged atoms having
substantial kinetic energies will fly to the subsérto be coated and stick there.

In figure 1-11 we present the basic set up of gurt) process:

Vaccum chamber
(.E. Gas process inlet (Ar)

Substrate
©00 000 ©O ©O GO OO © CO 00O  ©CO0AO oo

Plasma

Electrical
polarisation

i

I Pumping

Figurel-11: Principle of DC sputtering deposition

The ions necessary of the bombardment of the tagetextracted from an argon plasma
(ionized Ar and free electrons forming a global tn@umedium) burning between the target
and the substrate. The argon, called gas procassisation gas, is introduced to the vacuum
chamber after a pumping until a base pressure 8f100 mbar to eliminate residual gases
that may perturb the process.

Some target atoms sputtered will be coated at tistsate, other will miss it. The first
category will hit the substrate with an energy éaenough so they “get stuck”, but not so
large to liberate substrate atoms. Sputtered laperefore usually stick well to the substrate

and homogeneous coverage is easy to achieve.

16
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The sputter process has almost no restrictionsenarget materials, ranging from pure metals
were DC (direct current) power supply can be usedemiconductors and insulators which
require a RF (radio frequency) power supply or @diBC.

One derived technique from the basic method isriagnetron sputtering. It involves placing
a magnet behind the target, thus during the sppitteress a magnetic field can be used to trap
secondary electrons close to the target. The reg@tidn of electric and magnetic fields let
the electrons follow helical paths around the mégrfeeld lines undergoing more ionizing
collisions with neutral gaseous near the target thauld otherwise occur. This enhances the
ionisation of the plasma near the target leading kagher sputter rate. It also means that the
plasma can be sustained at a lower pressure. Thiegal atoms are neutrally charged and so
are unaffected by the magnetic trap.

llI-2- Basics of reactive sputtering

[11-2-1- interest and advantages

Reactive sputtering can be defined as the spudterirelemental targets in the presence of
chemically reactive gases that react with both d¢fexted target material and the target
surface. It has become a very popular techniqueday’s search for new material properties,
for the deposition of a very wide range of compoand alloy thin films including oxides,
nitrides, carbides or fluorides [14].
Besides the improved properties of non-reactivgdyttered films, the popularity of DC
reactive sputtering from elemental targets (i.¢arget consists of a single element) can be
attributed to several factors, among them:
i. It is capable of producing thin compound films ohtrollable stoichiometry [15] at
high deposition rates and on an industrial sced§ [17].
ii.  Elemental targets are usually more easily purifead] hence, high-purity films can be
produced [18]
iii.  The complexity and expense of RF systems can beledsince metallic targets are
generally electrically conductive, and hence, D@@ocan be applied
iv.  Elemental targets are usually easy to machine and b
v. Metallic targets are thermally conductive, whichkes the cooling of these targets
more efficient. Thus, the range of the applied pogan be extended without the fear

of being cracked

17
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vi.  Films are deposited at temperatures less than 300°C

Figure I-12 shows the basic DC reactive magnetpaittsring:

Vaccum chamber
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Figurel-12: Principle of DC reactive magnetron sputtering

Although reactive sputtering is conceptually nodgterent from the basic method described
previously, it is in fact a complex non-linear pess which involves many interdependent
parameters. The presence of the reactive gas htthetcathode surface and the substrate
results in strong interactions of the reactive matsonly with the condensing material but also
with the cathode surface, causing the so-callegetapoisoning. To better understand the

principle on reactive sputtering, we should expthim later phenomenon.
[11-2-2- Target poisoning and hysteresis effect

First, we should precise that reactions in the gaase, between reactive gas and sputtered
target atoms, are ruled out for the same reasatsidghs cannot be neutralised in the gas
phase (there is no mechanism which can dissipat&éeht of neutralisation to conserve both
momentum and energy in a two-body system, theréfaan only happen at a surface).

The target reactions are seen to occur sudderdgrae rate of reactive gas flow. If the flow
control of reactive gas is used, such reactionsranked by a change in the impedance of the
operating plasma, an abrupt increase in the syptessure (or more precisely, in the reactive
gas pressure), a drastic drop in the depositiaaatl a change in the film from metal-rich to

gas-rich (i.e. a change in the stoichiometry). Fegel3 resumes all this effects.
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Figurel-13: The hysteresis behaviour of reactive sputtering.
(a) Hysteresis behaviour of reactive gas press{lleHysteresis behaviour of reactive gas consumptio
(c) Hysteresis behaviour of sputtering rate or &trgoltage.

Fig. I-13 (a) shows schematically the well-knowr amportant feature of reactive sputtering
at a constant partial pressure of non-reactive gdwen flow control of reactive gas is

employed: a hysteresis curve of the reactive gasap@ressurepP,, as a function of the
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reactive gas flow ratd;, at a constant sputtering power (or as a funafosputtering power

at a constant reactive gas flow rate). At low valoéf; (e.g. point A in Fig. I-13 (a)), almost
all the available reactive gas is gettered at thredensation sites. As a result, no essential
change irP; is observed from the background level and the siggub film is metal-rich. This
situation prevails untif, reaches a critical valu&; (point B in Fig. I-13 (a)), where the flow
rate of the reactive gas into the chamber beconmgiseih than the gettering rate of the
sputtered metal. The reactive gas reacts, theih, tvé target surface to form a layer of the
gas—metal compound. Sputtering rates from compdargkts are less than that of pure

metallic targets by a factor of 10-20, for mainptreasons:

= the sputtering yield of metal atoms from a compoandhe target surface is less than
that from a pure metallic target;

= compounds have higher secondary electron emissieffficdents than metals and
hence most of the energy of the incident ions iksetl to breaking bonds with the
resultant creation and acceleration of second&atreins.

Consequently, less metal atoms are sputtered &%l riactive gas is consumed in the
reaction, and a sudden and sharp rise in the veag#s partial pressure to a new vakRe,
occurs (point C in Fig. I-13 (a)). The depositdthfis then gas-rich. If; is reduced following
an increase irP; to a high level P, will not decrease following the same trajectoryitas
increased AP, will stay constant until some valdg (point D in Fig. I-13 (a)) where it
abruptly increases and the reactive gas pressureases to the background level. This is
because the reactive gas pressure remains hightheatompound layer on the surface of the
target is removed and metal is exposed to be spdttence more. As a result, the
consumption of the reactive gas increases and ¢pesited film is metal-rich again. The
dependence of both reactive gas consumption anoksdigm rate on reactive gas flow rate are
seen in Fig. I-13 (b), (c), respectively.

The hysteresis effect is very undesirable and baket eliminated, if the flow control of
reactive gas is used, because the process is lestaldle this region [18]. At one value faf

it is likely to deposit compound films of differestoichiometries and thus physical properties.
This is due to the existence of two stable opegatiates corresponding to an individual value
of f,, whenf; is in the region of hysteresis. Fast and soplaitgdt process control systems are

required in order to operate inside this region.
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All the above discussion has been related to D@tesug systems, which are characterised
by a uniform plasma density across the target serfahis is not the case in magnetron
cathodes, in which the plasma is highly localisaedthe racetrack region leading to an
inhomogeneous discharge current density acrossdtiede. As a result, poisoning of the
target must be site-dependent leading to the pbgsif a simultaneous existence of three
states on the target surface: fully metal, fullyspoed or partially poisoned [19].

Despite the differential poisoning at a given reacpressure, the hysteresis effect was also

observed in magnetron cathodes [20-22].
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Titanium nitride sputtering system

|- Specifications of the coating system

Coupler operating conditions, physical propertiegidl coating layer and alumina substrate,
and ceramic windows geometries have resulted @ot stinstraints that should be taken into
account when defining the sputtering system dedRgquired technical specifications are

presented in the following.

I-1- General requirements

Sputtering system should allow the deposition dfl Tayers which thicknesses could vary
from a very thin deposit (some nanometers) wheeentlaterial doesn’t drain away electric
charges, to a thick deposit (some hundred of nates)ewhere the material conductivity
reduces power transfer and causes material heating.

Concerning deposition on ceramics, two differeaatments are needed. The first one should
be on the inside and outside faces of ceramic dgi® the second should be on the bottom
and top grooves of ceramic cylinders (where theibgawith cupper is carried out). The
deposits on grooves should be thicker than theoontaces because of the vulnerability of
windows at triple junctiong-I, II-2- Multipactor phenomengn

For disk ceramic, both side of the disk should d&ted. It could be also useful to determine if

a simple deposition of pure Ti instead of TiN caorky

I-2- Deposit quality
The sputtering system has to be able to coat atharjayer of TiN on disk and cylindrical
ceramic with a minimum quantity of oxygen (<3%) ath@ thickness has to be precisely
adjustable in a range between 5 and 40 nm. Furtivernthe machine has to be enough
efficient to reproduce with the same parametessinae deposit thickness at £25%.
On a cylindrical window, the minimum fixed depoagitithickness will be assumed as equal to
the setting defined as the thickness at the haffHtef the ceramic cylinders. On the other

hand, the maximum limit of deposition thicknesd Wwé twice the setting one.
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It is clear that window geometries provide not otiilg coating difficulty, as described above,
but also the way to hold it during the process. tBhavhy we tolerate having windows
(cylinder and disk) with three non-coated point thiiows to introduce a holder.

It is worth recalling that deposits must show eber#l sticking properties on ceramic (97.5%

of pure alumina).

I-3- Pumps, vacuum chamber and vacuum control syste

Due to the drastic cleanliness constraints apptedll coupler devices, the machine has to
have an oil free pumping system that allows reaghirpressure of 10mbar. If dangerous
gases have to be used in the process, other pusmpaditransfer pumped vapours outside the
room. Each gas entrances have to be installedfiltélrs. These one have to be fixed as close
as possible to the vacuum chamber. A Nitrogen @88 pure) entrance has to be designed
for vacuum breaking.
The vacuum chamber and pieces going inside it taize made only of:

- 316L stainless steel.

- Copper for UHV

- Cu-Be: beryllium copper

- Pure titanium and titanium nitride

- Aluminium

- Ceramics
All flanges have to be foreseen as CF flanges widtallic seals. Only ceramic window
entrance porthole (usually disassembled) can @stosher/rubber seals with low permeation
and that can be heated until 400°C. One or twosgdastholes should be available in vacuum
chamber in order to visualise and control procelssnaoccurring. Otherwise, to improve the
machine in the future, 1 or 2 portholes should\zlable.
A system will measure the vacuum from atmospheragsgure to 10 mbar; this will be

doubled if it's necessary. A porthole will be resst for a gas analysis system

I-4- Process and controls

During all the process, the following parametersudth be recorded using the appropriate
instruments:
= Time

= Vacuum chamber pressure
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= Gas flows
= Electric Intensity and voltage
= Deposit thickness fixed

All the data from these systems and the controampeters must be recorded during the
process. A storage data system has to be includéteimachine. More over, we should be
able to transfer all data from theachine to a laptop. As this equipment is desigoed&D

activities, the machine has to be flexihte particular on “control parameters”, on gas lines

and on the shape/size of treated pieces. A maxiofurmachine parameters must be variable.

lI- Sputtering system description

The conception and the development of the spugesiystem that we will describe in the
following were made in collaboration with the tearh Superconductivity Laboratory at

Legnaro National Laboratory in Italy.

Vacuum chamber, magnets and sample holder, thain@@tant devices of the systems were

totally designed and developed in Legnaro laboyator

lI-1- Pumping and vacuum control system

To eliminate the risk of sputtering machine contaation, the machine has been designed
having an oil free pumping system. It consists pfimary Triscroll pump and a high vacuum
turbomolecular one. It allows reaching a base pressf 10’ mbar.

lonization and capacitive vacuum gauges are usedrttol respectively base pressure before
deposition and process pressure when ionisatiorreanxctive gases are introduced. Another
Pirani gauge is placed between primary and turlbopto order the aperture of valve situated

at the same place assuring a good function of pogngpystem.

[I-2- Vacuum chamber

The vacuum chamber is made of AISI 316 stainlessl.stt is flanged with two CF 150

standard flanges positioned symmetrically, andte@fh35 standard flanges (Figure II-1).
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Figurell-1: Vacuum chamber of sputtering machine

All flanges with a low probability to be disassembllike pumps, instrumentation etc..., have
been foreseen as CF flanges with metallic sealdevamly the coupler windows entrance
porthole, magnetrons and the UHV gate valve carruseer seals.

All gas entrances (Gas process (Argon 99.999% preagtive gas (Nitrogen 99.999% pure)
and gas for venting (Nitrogen 99.999% pure)) haeenbdesigned with filters filtering
particles with a diameter bigger than 0.2 pym arelfitters have been inserted as close as
possible to the chamber. Three all metals valvesega on the front part of the vacuum
chamber are connected to those gas lines.

The device parts that constitute the internal pathe vacuum chamber have been made of
316L stainless steel, Copper for UHV, Cu-Be beuytlicopper pure titanium and titanium

nitride and ceramics.

[I-3- Targets and magnet packs

In the both sides of vacuum chamber, the machiregispped with a 10 inch titanium disc
target (Figure 11-2 (A)) of high quality (grade @jnimum 99.7 % Ti). A rotary magnet pack
is placed just behind each target. The set is geaviwith a shield installed on a rail to
facilitate its displacement when introducing saraple be coated. Special shape rotating
magnets are used not only to increase plasma gatsiarget surfaces and thus ameliorate
sputtering yield, but also to delete target poisgrphenomenon (Figure 11-2 (B)).
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\

Figurell-2: Components of sputtering machine
(A) Titanium disc Target, magnet pack and shidl};Rlasma confinement in target surface by rotary
magnetron;

The 10 inch magnetrons are water cooled. Coolinguitiof every target is controlled in an

independent mode with taps. An automatically sbéfteccur in case of overheating.

lI-4- Sample holder

The sputtering is done by two oppositely faced atanagnetrons. Each one of them contains
a rotating magnet pack that confines the plasnaarotating strip on the pure titanium targets.

A special three tips sample holder permit to fikryrical (also disk) windows (Figure 11-3).

Figurell-3: Three tips sample holder for cylindrical and diskples
The two lower rods are adjustable to fit to sangileension, the top rod in copper is exchangeablegt length
are available, to have always a centred sample.

The device is designed to work with three typesytihdrical (or disk) samples with external

diameters of 47mm, 62.6mm, and 75mm respectively.
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In order to guarantee a more uniform film thickndstribution, the sample holder is moved
in a precession motion about its axis of rotatiathwva tilt angle of about 25° and a speed
range of 0-20 rpm. Figure 1I-4 show different saepblder system constituents that allow its

=
Motor support
- 2
Motion
Teedthrough
—. RF feadthrough
S
o
Cranksharfl =

Outer half-ring

Inner ring

Figurell-4: Section view of the vacuum chamber with the sahwitéer system constituents

The sample holder is composed of the followinggart
* agear motor, external to the vacuum chamber, sgpply 24VDC,;
* astandard vacuum rotary motion feedthrough mounieal lateral CF flange;
e astandard RF feedthrough mounted in the centrdla@ige;
» a gyroscopic holder, internal to the vacuum chamiich delivers the precession
motion to sample. It is composed of an outer halfsran inner ring, connecting rods,

push rods to hold the sample and copper wire tstnit RF power on it.

In addition to his function of rotating sample heidthis device is also designed to provide
RF power to the samples creating a discharge auitface. As it is not possible to clean
ceramic with solvent due to the high porosity of thaterial and the possibility of solvent
trapping, Plasma cleaning of the surface permietove dust and other contamination that

can affect TiN thin film adhesion on ceramic (Figui-4).
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Figurell-4: Plasma cleaning process- RF power matching thamksipper rod.

lI-5- Front panel: controls and racks

The front panel system is divided to three partsta@ioing controls and modules installed in
racks as it is shown below in Figure II-5.

The top of the left part contains an emergency sfffuta power supply switch for the entire

system, in addition to switches for gear motorsnf@e holder and magnetrons). Each of the
magnetron is piloted by a power supply placed snsitle. It allows varying the bias value

acting on current, tension, or power.

As the coating thickness optimisation is an impdrtpoint to consider, a crystal quartz

microbalance integrated to the bench allows foltmvithe deposit thickness and the

deposition rate during the process.

Pumping system controller Vacuum gauge controller

DC power supply for left magnetron RF power supply DC power supply for right magnetron

Figurell-5: Front view of the control panel

In order to obtain a stoechiometric TiN, reactipeitsering process needs the optimisation of
gas and electrical parameters. Thus, the benchdasla mass flow controller for gas process
(Argon) and reactive gas (Nitrogen). This devicenpts also following the process pressure

measured by capacitive gauge. Another vacuum gaaggoller in the central part of the
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panel allows following base pressure measured encttamber by Bayard-Alpert ionisation
gauge. This part contains also an RF power supplgdramic plasma cleaning process.

A switch in the top side of this part commends apgrand closing of a pneumatic valve
separating vacuum chamber from pumping system. [Bies is commanded thanks to the

controller placed in this same part of the panel.

Figure 11-6 present a sputtering machine overview:

Figurell-6: Magnetron sputtering system overviews.
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|- Practical guidance’s

During this practical part of the study, we willcies in two important characteristics of the
deposited films: their stoichiometry and their Kmess.

If it seems clear that the stoichiometry is theibgmrameter to monitor in order to get
multipactor suppressor property of the film, thetimgzation of the thickness still an

operational requirement. In fact, a too thick acogtwill increase the HF reflection coefficient
on the ceramic window while a too thin one will $®o its multipactor suppressor
characteristics. XRD analysis will be used for @@metry determination and control, while

reflectivity and quartz crystal microbalance wil bsed for thickness setting and control.

In all parameter optimisation steps that will fellodeposits will be made on 10x10 mm
quartz substrates, unless further precision. THaders are more suitable than alumina
substrates for XRD and reflectivity analysis thall we performed. Furthermore, since the
substrate number used is quite high, the cost b@llmuch more advantageous than when

using alumina ceramic substrate.

For sample characterisations, some limitationsiraposed by the technique to perform. In
fact, for XRD analysis the sample should be thiokwegh (some hundred of nanometers) to
be characterised, while in reflectivity analysiaydr thickness can not be measured if it
exceeds one hundred nanometer. Thus, the depiogméiss will be adapted to the analysis to

carry.

Some experiments that will be presented later meggecial sample holder different from the
one described in the previous chapter. We will igeeand present when needed the sample

holder used.
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lI- Parameters optimization for a stoichiometripdsit

As it was described previouslg-I, VI-2- Basics of reactive sputteringfjtanium nitride
deposit is obtained by reaction of reactive gag (Mth sputtered titanium atom on substrate
surface. However, this reaction can lead to a romsometric deposit TiN(x # 1) if
reactive gas flow rate is not optimized for a givéss and ionisation gas flow rate.

To perform this optimization step, and taking iafcount the great number of Lifim to
deposit before obtaining the right parameters, ecigp multi-sample holder was designed
allowing the introduction in vacuum chamber of seweuple of samples at the same time
(Figure 1lI-1).

Figurelll-1: Section view of the vacuum chamber with the maitigde holder

For an imposed current 1I=3A, and by maintaining Alnélow rate constant &, = 0.1 sccm,
several TiN layers of ~ 500 nm were deposited for differenuga of N flow rate. XRD
analyses are performed to control film stoichiomefirom the plot = f (20) (where | is the
relative intensity of diffracted X-ray and 2s the angle between X-ray source, substrate and
detector), it is possible to determine spacing betwthe planes in the atomic lattigg tby
applying Bragg’s law:

A
2sin @
(WhereX is the wave length of x-ray source, in this case have a Cu tube with &aof
1.54056A).

d,, = (In-1)
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Then, it is possible to calculate the lattice patenfor each deposit, assuming that ,TiN

crystallizes in a face centred cubic system udneg¢lation:
Ay, =Gy VN +HKE " qii2)
(Where (hkl) are Miller indices for diffraction pia)

From the obtained value of the lattice parametdg possible to calculate the N/Ti ratio,
according to the relation below, valid in the ragé <x < 1 [36]:

Ay, = 4.1925 + 0.046% (11I-3)

Figure 11I-2 shows XRD patterns for some Tikyers obtained according to the protocol
cited below.

—x=1,022 —x =1,089 x = 0,977
1400

1200
uk TiN (220)
1000 W\m TiNx (111) :

go0 '\ ud ;

TiNx (220)

600 -

Relative Intensity

400 -

200 -

0 T T T T T T : T T T T T T T
30 35 40 45 50 55 60 65 70 75 80 85 90 95

Angle (20)

Figurelll-2: XRD plot for different TijNdeposits compared to stoichiometric film.

All diffraction curve presented above show two pea&rresponding respectively to the plan
(111) and (220), indicating a high preferentiakatation of the deposed films, especially in
(220) direction. Considering the sharp and relégiviatense peak corresponding to this
direction, we calculate x, the N/Ti ratio, for difent deposed TiNfilms according to the

method cited previously.
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The table 1lI-1 summarizes the results obtained:

Tablelll-1: lattices parameter and correspondent stoichiomefrgeposits at differentNlow rate.

Ar (sccm) N2 (sccm) 1(A) 20 d (220) (A) a (A) x(TiNx)
0,10 0,11 3 61,8629 1,50115 4,2459 1,1423
0,10 0,12 3 61,8430 1,50028 4,2434 1,0896
0,10 0,13 3 61,8938 1,49917 4,2403 1,0223
0,10 0,14 3 61,9277 1,49843 4,2382 0,9775
0,10 0,15 3 62,1270 1,49410 4,2260 0,7153

As we can see, stoichiometric films are obtainedafd\, flow rate between 0.13 and 0.14
sccm for a fixed Ar flow rate of 0.1 sccm and arpased current of 3A. We should precise
that the results shown in the previous table as¢ @uselection among many attempts of
stoichiometry obtaining. We choose to present tlese because they seem interesting to
study.

Observing the results on the table IlI-1, we ndtat tincreasing nitrogen flow causes the
decrease of TiN lattice parameter, and consequetitly N/Ti ratio according to Eq (l1I-3).
This behaviour seems to contradict what was exgedte fact, according to the theory
(8- IlI-2-2- Target poisoning and hysteresis effeer) increase of nitrogen flow rate should
increase the N/Ti ratio till reaching the stoichetny; such results were obtained by Hugen et
al. [33].

The behaviour difference of our experiments is thu¢he fact that we are already in sub-
stoichiometric conditions. Thus, a further increasfenitrogen flow rate acts more on
increasing poisoning phenomenon, and thus modifpiogess pressure and deposition rate,
than modifying the film stoichiometry. A similar baviour was reported by Huang and co-
workers [35].

Concerning the little variation in sub-stoichionetconditions, several studies have found
that the phase can have a significantly great¢icéaparameter that can reach 4.3 A [37]
(although than 4.24 A). To explain this lattice arpion, it was assumed that two factors can
be responsible. One is nitrogen entrapment in mpnliBrium positions during film growth.
The second is internal macrostrains [35]. The fassumption could be supported by the
measurements  of  deposition rate and process  peessullustrated in
table II-2:
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Tablelll-2: Process pressure and deposition rate variation& witrogen flow rate

Ar flow rate (sccm) N2 folw rate (sccm) Process press  ure (mbar)  Deposition rate (A s-1)
0.1 0.11 810-3 3.2
0.1 0.12 810-3 31
0.1 0.13 9.3310-3 3.0
0.1 0.14 9.3310-3 2.9
0.1 0.15 10.66 10-3 2.7

For the lowest Mflow rate, deposition rate is the highest; thisyrha favourable for nitrogen
entrapment on non equilibrium site. As the fldw rate increases, process pressure slightly
increase and deposition rate decrease; the readacation between titanium and nitrogen
become more stable and stoichiometry is reachddrtAer increase in reactive gas flow rate
causes further change in process pressure anditi@poate, which means that poisoning
effect still going on leading to new operationahditions that may lead to a film composition
totally different. This may explain the drastic njge in stoichiometry for lat measurement of
table II-2.

llI- Deposition rate variation with process pressur

Deposition rate is a very important parameter tosater in so far as it can influence the film
morphology, its physical and mechanical propertgs even chemical composition since a
low deposition rate of TiN could increase its oxida.

In our case, in addition to the cited reasonscti@ce of deposition rate is also an operating
criterion. In fact, as we need to deposit some neaters of stoichiometric TiN, we should
choose the appropriate value so that the processm a reasonable time in a good process

conditions.

Once the stoichiometric parameters are reachedetgrrdining the appropriate;Nlow rate
value for a fixed value of Ar flow rate and an ingpd biasff, = 0.1 sccmfy, = 0.14 sccm,
| = 3A), we will now vary the flow rate for both gas keeping the ratio relative to
stoichiometric conditionsf{, / fyo = 0.71). The aim is to vary process pressure witho
modifying stoichiometric conditions and see thduehce of such variation on deposition

rate. Results are summarized in the following table
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TableI11-3: Deposition rate variation with process pressurestaichiometric conditions of gases flow rate.

Ar flow rate (sccm) N2 folw rate (sccm) Process press  ure (mbar)  Deposition rate (A s-1)
0.060 0.084 1.3310-3 4.7
0.070 0.098 2.66 10-3 4.4
0.080 0.112 4.00 10-3 3.8
0.090 0.126 6.66 10-3 3.4
0.100 0.140 8.00 10-3 31
0.110 0.154 9.3310-3 2.8
0.120 0.168 1.06 10-2 25
0.130 0.182 1.19 10-2 2.2
0.140 0.196 1.33 10-2 2.0
0.150 0.210 1.46 10-2 1.8

Before commenting the previous results, we shovigare 111-3, XRD plots of two TiN
deposits made at different flow rate of argon artbgen, but with respect of the ratio of

stoichiometric conditiond(; / fy2 = 0.71):

Counts
TiN deposit
Argon flow rate = 0.1 sccm
Nitrogen flow rate = 0.14 sccm
1000 Process pressure = 10-3 mbar
Deposition rate = 2.9 f s-1
500
2]
At
S ¢
TiN (111
8 (111) TiN deposit
Argon flow rate = 0.14 sccm
Nitrogen flow rate = 0,196 sccm
1000 H Process pressure = 9.33 10-3 mbar
Deposition rate =2 A s-1
500
st el AN e
0

30 40 al 0 70 Gl 80 100 110 120 130

Position (26)

Figurelll-3: XRD plots of two TiN deposits made at different/ftate of argon and nitrogen with respect of
stoichiometric ratio.
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The both curves show an intense peakfat 36.7°, relative to the plan orientation (111) of
TiN indicating that the stoichiometries of both dsp is respected. We note that the
preferential orientation (220) observed in Figutellhas disappeared.

Observing results in table IlI-2, we note that theposition rate decrease when pressure
process increase. This dependence is quit linegur@ IlI-4), which means that even when
process pressure change for a given argon andjertribow rate setting (due to base pressure
change or a better getter effect of the vacuum Oea walls), we can estimate the

deposition rate and so the time required for argibhéckness obtaining.

Deposition rate (A s-1)
N
[6)]
*

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Process pressure (x10-3 mbar)

Figurelll-4: Deposition rate dependency with process pressure.

Results in table 11I-3 show that by varying thewloate of argon and nitrogen, we have
covered a wide range of operating sputtering pressuntil the limiting borders of process
functioning. The middle of this range corresporma tleposition rate of 3 A'sThis value is
suitable for the further film deposition, high egbuor a quick coating and working in a good
pressure condition. Deposition timig, given in second, will be calculated accordingtte t

following relation:

_10Ce

t, (I1-4)

D

whereeis the film thickness (nm), and, the rate deposition (A%.
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I\VV- Thickness control of stoichiometric deposit

As we have explain previousl{. §- lll- Multipactor suppressor thin filiy in addition to
stoichiometry, film thickness is an important paeten to control so that the multipactor
suppressor layer doesn't constrain the efficientfioning of ceramic windows.

As we have seen in sputtering system descriptiaqyaatz microbalance is integrated to the
bench allowing an in-situ monitoring of depositicate and film thickness. However, the
guartz crystal placed at the internal of vacuunmdbex, is oriented in such way that it receive

sputtered atoms from both targets (figure IlI-5).

Figurelll-5: Section view of vacuum chamber with the localisatibquartz crystal holder.

Certainly, this configuration permits a good monitg of the deposition in internal and
external faces of cylindrical samples, but may bethe samples receiving deposit just from
one target as it is the case of quartz samplesréigl-1). That's why, a correlation must be
found between the film thickness estimated by nfialance and the real value obtained on
the substrate.

Several thin deposits are made for different deosrate and/or different time deposition,
then analysed by X-ray reflectivity to measure rthieickness and thus correlate them to the
value given by microbalance. Figure 111-6 shows riéiectivity curves of those samples.
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Figurelll-6: Reflectivity curves for TiN deposits at differdritkness.

Before presenting the results of these experienls#s describe briefly the shape of
reflectivity curve to better understand the infotima it provide.

After a first flat top at little angle, relative total reflection of the deposit, we observe a

succession of interference fringes having the samdgh that are gradually attenuated till
disappear because of the interface deposit-substraghness. The width of the oscillation

gives the thickness of the deposit and the caliculas based on geometrical optic rules.

The fringe width is inversely proportional to thkrf thickness: the more the layer is thin the

largest is the fringe width and inversely.
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A simulation soft allow as the determination of attenic density, substrate and film
roughness, and layer thickness. If the first twém ficharacteristics still somewhat
approximated, the third one is very precise. Infthewing table we present the results of the

subsequent analysis making a comparison with tlokrtess estimated by the microbalance.

Tablell1-4: Reflectivity simulated curve results and comparibetween expected thickness (u-balance) and
measured one

Expected thickness (nm) Mesured thickness (nm) Densit  y (g cm-3) Roughness (nm)
16.2 16.2 4.4 1.9
234 23 3.48 2
36.0 37 34 3.9
711 72 3.09 7

A very good agreement is found between real thiskee measured by X-Ray reflectivity and
estimated one from microbalance. In fact, the diifiee between the two values doesn't
exceed 3% in all exploitable range. Thus, the faat quartz crystal emplacement allow the
coating from both target is compensated by thetjosof our samples in front of the target.
This result is very important since for a cylin@liovindow placed in the middle of the
chamber without moving, we can have the same defuskness in internal and external side
of the cylinder receiving deposit from both targatd on the bottom and top grooves exposed
to only one target. The movement of the sampledra@)- 11-4- Sample holdgrwill assure
the difference of thickness between those two partit is required §;- I-1- General
requiremeny

Concerning the density values, we note than thesared value are lower than the density of
bulk TiN (5.79 g cm-3). This was predictable regagdthe thickness of the layer we deposit

and the difference of properties between bulk aidlayers.
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V- Influence of substrate-target distance on spettéilms

The study of substrate to target distance variagoan important field to investigate when
working on reactive sputtering. Schiller et al. |[B8blished an experimental investigation of
this effect in a paper covering many important atpef controlling the deposition process
between the metallic and reactive modes of theetafbhey conclude that optimisation of
substrate to target distance can reduce targebmiog effect and allows reaching the
stoichiometric composition with a low flow rate i@active gas.

In our case, the approach is different since thétepng will occurs with ceramic window
placed in the middle of vacuum chamber at an efixed distance of both targets. The aim of
this experiment is to shows if the sputtering pssces uniform or not along the axis of
vacuum chamber. Both stoichiometry and thicknedisheistudied.

For this purpose, a special sample holder is dedign fix 10x10 mm class samples at
different distance from the targets (figure IlI-7).

Figurelll-7: Section view of vacuum chamber with a special samplder allowing the study of
target-substrate distance variation influence juttering process
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V-1- Influence on deposit stoichiometry

Reactive sputtering of titanium nitride is donehe following conditions:
o Argon flow rate = 0.1 sccm;
o Nitrogen flow rate = 0.14 sccm;
o Bias current =3 A;
o Base pressure = 2.4 ienbar;
o Process pressure = 5.33°1f\bar;
o Deposition rate =3 A'§
o Deposition time = 30 min;
o 6 samples at respectively & 6.5 cm, d = 11.5 cm, d = 16.5 cm, ¢ = 22 cm,
ds = 25.5 cm, g= 35.5 cm.
Obtained films are analysed by X-Ray diffractionen the lattice parameter and the N/Ti

ratio is calculated. Results are summarized irffahewing table:

Tablell1-5: influence of target to sample distance on lattiaeapneter and N/Ti ratio

Distance target-sample (cm) d(111) (A) a (A x (TiNX)
Sample 1 6.5 2.4238 4.,1981 0.12
Sample 2 11.5 2.4447 4.2343 0.89
Sample 3 16.5 2.4472 4.2387 0.99
Sample 4 22 2.4257 4.2015 0.19
Sample 5 255 2.4335 4.2149 0.48
Sample 6 35.5 2.4733 4.2839 1.95

Results show clearly the influence of the distaneaveen the target and a sample on the
stoichiometry of the deposit it receives. Beforscdssing the results, we should precise that
X, the N/Ti ratio was calculated according to tlggiaion (II-3) valid for 0.6 < x < 1. The
values over that range will not be precise at adl thus will not be taken into account. We
will just put the x value as an indication.

When the target to sample distance is small, thedensity of sputtered Ti is so high that the
nitrogen flux rate is not sufficient to form stoiometric deposit, and thus the deposit is
under-stoichiometric. As the distance increasegp@d agreement between Ti flux density

and N flux rate allows a good reactive reaction and sdoee close to 1.
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When the distance become so large (sample 6), ithikixT density become lower and the
deposit become gas rich.
The values obtained for samples 4 and 5 are coeiplehexpected, one explanation can be

the fact that their emplacements in the vacuum tiearare so close from pumping conduct.

V-2- Influence on deposit thickness

To perform this experience, reactive sputteringti@nium nitride was done in the same
conditions described above. Only the depositioretochanges to 68 s in order to have thin

deposit films. Reflectivity analyses are done draresults are shown in the following table:

Tablell1-5: influence of target to sample distance on depbgikhess

Distance target-sample (cm)  Thickness(A) Density(gc  m-3) Roughness (A)

Sample 1 6.5 50 4.25 4
Sample 2 115 36 4.1 3.5
Sample 3 16.5 26 3.2 3.9
Sample 4 22 21.2 4.1 2.8
Sample 5 255 16 3.8 2.9

Results show clearly an influence of target to danalistance on deposited film thickness.
Regardless of film stoichiometry, the more the slanip close to the target, the thick it will
be. To better visualise this dependency, we potrdsults in Figure 111-8:
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Figurelll-8: Film thickness dependence on target to substrataulie
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As we can see in figure 1lI-8, target to substrdittance influence on thickness deposit is
important at low value. Once the distance becomgetathis influence is attenuated.

This result may seem constraining for depositiorcgimdrical ceramic windows as deposit
will not be uniform along its axis, but one shoplecise that these thicknesses are obtained
from only one target while a window will receiveusiered atoms from both. Thus, a little
surface of the cylinder localised atfdom the first target and,drom the second will receive

a thickness equal to TH =ith thy (th, from first target and thfrom the second). The
thickness TH should be equal to the one receivea Ibjtle surface at the middle of the

cylinder from the two target.
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Conclusions

In the framework of a joint research activity, amavative design of a sputtering coating
bench has been realised by LNL-Legnaro and LAL-Q@r3de goal was to be able to coat
different geometry of Alumina windows (planar anglimdrical) with nanometric and

stoechiometric TiN films.

A first step of reactive gas flow rate optimisatimas done to reach stoichiometric deposit
conditions. XRD analyses were performed on 40000 Bim layers and lattice parameters of
the deposits were determined to deduce N/Ti r&ioichiometric condition was reached for
an N flow rate of 0.14 sccm with a fixed Ar flow raté @.1 sccm and an imposed current
bias of 3A.

By fixing the ratiofa, /fn2 @s for stoichiometric condition, the influencepobcess pressure on
deposition rate was studied. The later was seeledceases when process pressure increases,
and the dependence was quit linear. This tendelhaysaus to predict deposition rate by a

lecture of the pressure. This can be useful in casgeposition of very thin films.

As the thickness is an important parameter to moniand because of the orientation
difference in the vacuum chamber between microlsalajuartz crystal and the sample to be
coated, X-Ray reflectivity analyses were perforn@dieasure the deposit thickness and find
a correlation between microbalance results andedlethicknesses. Results show a very good
agreement between both measurements, which mednqttatz crystal emplacement
allowing the coating from both target is compengdig the position of our samples in front

of the target.

An important influence of the target to substraitgathce was found on both thickness and
stoichiometry of the film. This is due to the diéace of sputtered titanium emission flux and

its consequence on reactive reaction establishment.
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