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Abstract

The aim of this workis the attempt in understanding ion transport properties across
structured materials such pslyelectrolyte multilayers (PEMs) and highly filled epoxy
resins used as an encapsulant, i.e. mold compounds. The ion transport properties are
studied by means diie technique of charge attachment induced transport (CAIT), which
was recently developed and tirogflight secondary ion mass spectrometry (79IMS).

The mold compounds studied in this work are of four types (MCP1, MCP2, MCP3,
MCP4) with a compositionf 80%- 88% of silica filler and the rest of raw materials such

as epoxy resin, hardener and flame retardant. The samples are analyzed by means of the
CAIT technique, leading to the evaluation of values of ionic conductivity and activation
energy relatetb the process of transport of potassium ions. The ionic conductivity of the
mold compounds is on the order of B0 S/cm, while activation energy values are

in arange of 1.3 eV2.7 eV. For a better understanding of the potassium diffusion process
into the mold compounds, the diffusion of potassium through MCP3 sample is
investigated via a combination of CAIT methand an exsitu TOFSIMS analysis. The
ToFSIMS analysis reveals a depth diffusion profile of the potassium into the material. A
mathematical theory is established in order to evaluate the diffusion coefficients for the
transport of potassium. According tbe numerical procedure, a good fit between
experimental and theoretical data is achieved assuming the presence of two different
transport pathways operative inside the material: diffusion along the boundaries of grains,
i.e. zones of accumulation of theorganic component of the mold compound and
diffusion through the bulk. Diffusion coefficients og> 1.8 x 10** cns? and Dsg =

5.4 x 10?°° cn?s® are found for bulk and grain boundary diffusion, respectively.

The PEM films studied in this work are pered from the layeboy-layer assembly of

ionic p-sulfonatacalix[8]arene (calix8) and cationic poly(allylamine hydrochloride)
(PAH) onto functionalized gold substrates. Samples with n =1, 3, 6, 9, 12, 15, 20, 30
bilayers are analyzed by means of the CA¢thnique. The data lend support to the
conclusion that conductivity, as well as activation energy measurements for
(PAH/calix8), cannot be acquired under the conditions of the CAIT method, due to the
low resistivity shown from the specific PEMs analyz8tudies on the transport of*Li

K™ and RB through (PAH/calix8 are performed by means of CAIT and T8RVS.

For each ion beam (LiK*, Rb") two kind of experiments are performed: (PAH/calix8)

Vi



samples are bombarded with the three different alkal varying the time for the
bombardment, i.e. 5 seconds in one case and 100 seconds in the other. The evaluation of
the concentration profiles gives qualitative information regarding the transport properties,
whereas numerical analysis of the lithium amtbidium concentration profiles for 5
seconds long bombardment provides quantitative information on the diffusion process.
The numerical calculation reveals that the lithium and rubidium transport across the
membrane results in a combination of two diifuispathways accounting for diffusion of

slow ions and fast ions. For the lithium case, a good fit is achieved using diffusion
coefficients of Riow,Li+ = 0.4 X 10 cn?/s and Qi+ = 1.2 x 10%° cm?/s and assuming

that 40% of the incoming ions entiére slow pathway, whereas the rest of the ions is
transported via a fast pathway. For the rubidium case, the numerical calculation reveals
that the fast diffusion pathway is predominant: only the 0.01% of the rubidium ions enter
the slow pathway, where#ise rest is dominated from the faster one, withag &+= 7 X

101 (+ 1.5 x 10" cn/s. The study of ion transport of alkali ions laind RB across
calixarenesbased PEMs leads thus to the conclusion that the presence of the calixarenes
units may nfluence the type of transport.

Lastly, studies of voltage offset measured on cwveitage curves in a typical CAIT
experiment are presentethis study aims to give a better understanding of the process
beyond the measured voltage offdet order to @ that, a basic CAIT experiment is
performed, where a metal plate is bombarded with an ion beam from a potassium emitter
of the composition KAISOes : Mo (1:9). The registered currénbltage curves show

finite offsets in the order of 0.5 eV. In order twvéstigate the detection process of the
specific KAISkOs : Mo (1:9) emitter, values of ionic and electronic work function are
evaluated. By means of a theoretical model, the recombinatiof iohK from Leude
KAISi20e : Mo (1:9) onto the metal detectisrtraced to a combination of the ionic work
function of the emitter material, the electronic work function of the emitter material and

the recombination energy of the elemental potassium. I.E.
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Zusammenfassung

Das Ziel dieser Arbeit istes die lonentransporteigenschaften Uber strukturierte
Materialien wiePolyelektrolytMu | t i | agen ( PEMs) wund sogenan
die als Vegussmasse zum Beispiel fir Computerchips verwendet werdeserstehen.

Die lonentransporteigenschaften werdait Hilfe des kiirzliche nt wi ckel t en Ac
attachment I ndu g,eiter Mathade Hg ddradungstragériansport
durch Anlagerungon geladenen Teilchen auf der Probenoberflache induziert uvicd,

der Flugze#tSekundarionetMassenspektrontiee (ToFSIMS) untersucht.

Im Rahmendieser Arbeit wurdewier unt er schiedliche Typen v
untersucht, die sich in Ihrer Zusammensetzung unterschieden. Dabei wurde der Anteil
des Kieselsaure-ullstoff sowie der Anteil der Epoxidharz, Harte und
FlammschutzmitteVariiert Die Proben werdemit Hilfe der CAIT-Technik analysiert.

Dabei erhalt man Werte fir die lonenleitfahigkeit und die VA&tungsenergie im
Zusammenhangnit dem Transport von Kaliumionen. Die lonenleitfahigkeit Aemo | d
comp o u n tegtiiin der GroRenordnung von 1M/ 10 Skcm, wahrend die
Aktivierungsenergiewerte in einem Bereich von 1.3 eV bis 2.7 eV liegen. Zum besseren
Verstandnis des Kaliumdiffusionsprozessesien A mo | d wird dieDdfusiord s fi
von Kalium miteiner Kombination der CAHMethode und einer Egitu-TOFSIMS-
Analyse untersucht. Die TeEIMS-Analyse zeigt eiiffusionstiefenprofil des Kaliums

in der Prole. Es wird eine mathematiscfideorie auf Basis der NerrBtanck-Poisson
Gleichungen genutzt, usie Diffusionskoeffizienten fur denr@nsport von Kalium zu
bestimmen. Be gute Ubereinstimmung zwischen experimentellen und thscten
Profile erreicht man nter der Annahme, dass zwei unabhangige Transportwege
vorhanden sind. Man kann die Diffusiglurch das Volumen des Materials sowie die
Diffusion entlang von Korngrenzen unterscheid@iffusionskoeffizienten von p= 1.8

x 102 cnfs? und Dsc = 5.4 x 10° cns? werden fur die Volumen bzw.
Korngrenzendiffusion gefunden.

Die in dieser Arbeitintersuchten PENFilme werden Schicht fir Schicht aus ionischem
p-SulfonateCalix[8]arene (Calix8) und kationischem Poly(allylaminhydrochlorid)
(PAH) auf funktionalisierten Goldsubstraten hergestellt. Proben mitn=1, 3, 6, 9, 12, 15,
20, 30 Doppelschickh werden mittelderCAIT-Technik analysiert. Didurchgefihrten
Strommessungereigen dass Leitfahigkeitsund Aktivierungsenergiemessungen fir



(PAH / calix8), unter derRandtedingungen der CAFMethode aufgrund des niedrigen
spezifischen Widerstandsnicht erfasst werden koénnen.Die erreichbaren
lonenstromstarken reichen nicht aus, um die Oberflache auf das Quellpotential
aufzuladenDaher wurde &ie Probe mit 30 Doppelschichten zunachst mit Hilfe von
CAIT mit einem Alkaliionenstrahl beschienen und natipgnd mit ToFSIMS
untersucht Aus dem so entstandenen Tiefenprofil erhofft man sich Aussagen tber den
Diffusionskoeffizienten ableiten zu konnerDas Experiment wurde mit drei
unterschiedlichen Alkaliionenstrahlen durchgefuhrt’, LK*, Rb". Mit jedem de
lonenstrahlen wurde zunachst eine Probe fir 5 s beschienen. In einer zweiten Sequenz
von Experimenten wurden die Proben fur 100 s mit dem lonenstrahl bescliaen.
Auswertung der Konzentrationsprofile liefert qualitative Informationen Uber die
Transpoteigenschaften, wahrend die numerische Analyse der Lithivnd Rubidium
Konzentrationsprofile fir einen 5 Sekunden langen Beschuss quantitative Informationen
uber den Diffusionsprozess liefert. Die numerische Berechnung zeigt, dass den-Lith

und Rubidumtransport durchrainsport auf zwei unterschiedlichen Wegettfstaet. So
konnten schnelle und langsame lonen unterschieden werden, die dezidiert
unterschiedliche Diffusionskoeffizienten aufwiesEir denflransport von Lithiunwird

eine guteUbereinstmmung zwischemxperimentellen und theoretischen Profilexter
Verwendung von DiffusionskoeffizientensBy, ti+ = 0.4 x 10 cn?/s und Dast, i = 1.2

x 10 ® cé/s erreicht. Marmusste dazu annehmen, dass 40% der eintretenden lonen den
langsamen Pfad durch die Probe nehmeahrend der Rest der lonen ulber einen
schnellen Weg trap®rtiert wird. Fir den Rubidium Trasnpazeigt die numerische
Berechnung, dass der schnelle Diffusimeg vorherrscht: Nur 0.01% der Rubidiumionen
treten in den langsamen Weg ein, wahrendRkst den schnelleren Pfad nimwitd,

mit eineMDsast, Ro+= 7 X 10'° (£ 1.5 x 10'°) cn?/s. Die Untersuchung des lonentransports
der Alkaliionen Li und RB durch PEMs auf CalixarenBasis fiihrt daher zu dem
Schluss, dass die Anwesenheit der Calixaieimbeiten die Art des Transports
beeinflussen kann.

Zuletzt werden Studien zum Spannungsversatz an Shmannungdurven in einem
typischen CAITExperiment vorgeste. Diese Studie hatte das Ziel, die Neutralisations
und Kontaktprozesse an den Grenzflachen zu verst&@au wird ein grundlegendes
CAIT-Experiment durchgefuhrt, bei dem eine Metallplatte mit einem lonenstrahl aus

einem Kaliumemitter der ZusammensetglKAISi>Os: Mo (1:9) beschossen wird. Die



erfassten StrorspannungsKurven zeigen endliche Offsets in der Gré3enordnung von
0.5 eV. Um den Detektionsprozess des spezifischen Emitters Kaiio (1: 9) zu
untersuchen, werden Werte der ionischen undreleischen Austrittsarbeit ausgewertet.
Anhand eines theoretischen Modells wird die Rekombination Veloien aus Leucite
KAISi2Oe: Mo (1: 9) auf dem Metalldetektor auf eine Kombinataoter ionischen und
elektronischen Austrittsarbeit des Emittermaterialsund zurlckgefuhrt die

Rekombinationsenergie des elementaren Kaliumg.!.E.
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Figure 68: Evaluation of the experimentabfdet from the linear fit of the curves. Listed
in table 9 the values for each reproduction measurement as well as the average value of
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Figure 69: Normalized ion current vs voltage plots of different measuremAansseel
electrode was used as metal detector plate. Listed in table 10 the values for each
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Figure 70. Normalized ion current vs voltage plots of different measurements after
treatingthe surface of the electrodeoth gold and steel data showhisted in table 11
the valuesfor each reproduction measurement as well as the average value of
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Figure 71: lon current vs voltage curvesrfdifferent heating current. A gold electrode
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Figure 72 Representation of the ion current density asfuaction of the
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Figure 74: Evaluation of data for determining the workétion according to Richardson
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Figure 75: Evaluation of data for determining the work&tion according to Richardson
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Figure 81 Sketch of the relevant distances and the energy landscathe fimermionic
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Figure 82 Simple illustration of the emitter filametype (left) and pelletype (right).
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1 Introduction and motivation

The research in material science has seen a hygéosteard over the last decades: on
the one hanthere was theequest of new high performance materials in different areas
such aglrug deivery, precise environmental sensors or synthetic polymer based coatings
for various industrial applications; on the other hand, more relevance was given to the
demand on improving theerformancemultifunctionality, integration, and sustainability
of thase materialsWithin these topics, thimcusof theworldwide scientific environment
has been the construction sifuctured hybrid systems, based upon synthetic or natural
polymers comined with metal, ceramic, carbonraatural structureghe abilityto create
structuredmaterials both on macro and nanosdades become an important field of
research with applications in a iety of areas.
Despite the different fieklof applicationsthe issue oion transporeppears to be a key
factorfor differentclasesof materialsBeyond the mere technical challenges, there are
important scientific questions relating to ion transport in the bulk and at interfaces. There
is a considerable number of experimental methods available for characterizing the
dynamics ad transport of ions, e.g. impedance spectroscopy (IS),-stalid NMR
techniques, pulsed field gradient NMR (PNMR) and tracer diffusion (RTD). Within
the mentioned, IS is one of the most commonly used technique, however, it relies on a
well-defined eéctrical contact between the sample and two electrodes. This aspect can
envisage situations where a sample contact with two electrodes is not possible or not
desirable. An alternative to the IS is the recently developed charge attachment induced
transport(CAIT) technique. This technique is based on the use of only one electrode and
it has been applied to a variety of solid electrolyte materials, such as ion conducting
glassedl, 2, 3, 4]and pdymers [5, 6, 7] Bearing in mind the previous pointsaterial
such agolyelectrolyte multilayersand mold compounddound an extended interest
the scientific communityDespite the fact that these two classdsneaterials have
different fields of applicationsit is worth noting that the issue i transporappears to
be a keyfactorfor bothcases.

Mold compoundsare highly filled epoxy resins used to encapsulate electronic
devices such that the device is protected against mechanical, environmental and chemical
attacksMold compounds used for chip encapsulation are one ah#e contamination

sources fomobileions in semiconductor devices. These ions are a prominent reliability
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risk, especially, when it comes to high power devices such as high voltage transistors.
Due to strong electrical fields, ions from the mold compound can migrate into sensitive
areas ofliese devices resulting in chip failufiéne issue of ion contamination represents
a welkknown concern8]: these materials indeed cannot be totally freenfmobile ions

in trace amountProvided that the issue of ion contantioa represents a wekinown
concern in the field of electronic packages, the analysis conducted within thisushisdy

to investigateon diffusion in microcircuit encapsulation materials, e.g. mold compounds
The samples used for the study of this waekat four types (MCP1, MCP2, MCP3 and
MCP4).Previous publications presexfanalytical techniques to investigate ion diffusion

in mold compoundfd, 10]. Schwalet al.described a method &valuate the riskf field
inducedon migrationin different molding compounds depending on the temperature and
field strength. This method allows the qualitatared quantitative determitian of ion
mobility in mold compounds, without the interference of electrondumtivity. They
describefurthermorea new approach to measure field induced ion migration in mold
compounds using a sodium amalgam electf@de 12] Within the studyof this thesis,
investigation of ion diffusion inmicrocircuit encapsulation materials, e.g. col
compounds, has been performed a combination of charge attachment induced
transport techique (CAIT) and timeof-flight secondary ion masspectrometry (TOF
SIMS). Qualitative and quantitative analysis leabeen performed in order to provide
meaningful information on theansport properties of potassium ions thgl the specific
mold compounds.

Polyelectrolyte multilayes (PEMS) represent a class of materieded asnulti-
purpose membranes for water sofihg and seawater desalinatioi3, 14] for
purification of water and ethanol from organic pollutants such as phenols and aromatic
hydrocarbon$15], for conductive coatingd 6] and patterningl7, 18] One of the main
aspects is that PEMs have also shown promising applicasosslective membranes for
the immobilization of macromolecules or partic[@9] and for the controlled transport
and release of small molecul0]. In order to link this generic argument with a more
specific attempt in understanding ions transport properties across REdMsyork
described irthis thesis gives a multiplevel analysis on the transport of alkali iohs"(

K*, Rb") throughPEMsprepared from layeby-layer assembly of ionic calixarenes and
cationic poly(allylaminenydrochloride) (PAH. The reason why this model system has
beenused is thatalixarenesre important building blocks in supramolecular chemistry
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they represent one of the most important macrocyclic host moldedlemgether with

crown ethers and cyclodextrins. Because of their basiegies they are suited for the
complexation of small molecules and ions. Regen andarkers[22, 23] prepared
Langmuir and LangmuiBlodgett films of wellordered amphiphilic calixarene
derivatives and used these filfios gaspermeation studies. Swanson andhewrkers[24]
described multilayer films of polyelectrolyte/calixarene, which were used as chemically
selective layers for organiw@apor detection. In other words, thesembranes exhib

high selectivities in the rejection of specific ipdae to the specific interactiomgth the

unit rings. lon transport across PEMs containing calixarenes has been investigated by
Toutianoushet al. [25] where psulfonatecalix[n]arene / poly(vinylamine) (PVA)
multilayers were used as model system and the permeation rates of various electrolytes
in aqueous solution were given; there the author verified that permeation of the metal ions
across the calixarene/polyelectrolyteltdayer films is retarded compared with the-all

PEM membranes, i.e. membranes without ring units from calixarenes. Within the work
of this thesis PEMs have been analyzed by means of the charge attachment induced
transport technique (CAIT) as first stefptioe analysis; in the second part of tralyss

the samples were investigated tirae-of-flight secondary ion maspectranetry (TOF

SIMS); in the inal levd of the analysis numerical calculations have been conducted and

a theoretical model has beestablished in order to provide qualitative and quantitative
information on the ion transport properties of these membranes.

After considering the motivations beyond the project of this thesis, a brief
overview of the main sections will lggven here: sewn 2 will describe the theoretical
background wh respect to the materials used daadhe process of ion transport in
condensed matteSubsequently, a description of the techniques (S&dT and ToF
SIMS) will be presented in section 3. The entire exmental part consisting of
preparation of samples and building up of set up, will be described in section 4. Finally,
in section 5 a discussion of the results obtained for mold compounds (section 5.1) and
PEMs (section 5.2) will be given, together wéth extradiscussionconnected with the
electronic properties of the CAIT method (section 5.3), whose motivations will be

highlighted in the relevant section.
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2.1 Polyelectrolyte multilayers

Polyelectrolytemultilayers play an important role in a lot of technological applications,
including molecular capsuleR6], immobilization of enzymeg27], patterning of
surfaceq28], prepaation of lightemitting diodeq29], photeelectrochemically active
electrodes[30], membrane431], microporous[32] and erodible films[33]. Among
several methaglto obtain multilayers, a simple and versatile approach is the-tgyer
layer (LbL) deposition, that was used for the first time by[Bdi in 1966 in the case of
colloidal particles, and therextended in the case of polymers Ig@bectrolytes in
particular)in 1991 byDecher and Hon{35, 36] The thorough review of various types

of multilayers and their applications can be found ia Himok edited by Decher and
Schlenhoff37]. The LbL techniquéas become one of the most used methods for surface
functionalization[38] because it allowsbtairing uniform films with a weldefined
thickness. The formation of polyelectrolyte multilayers can be explained considering an
overcompensation mechanisffigure 1): if a surface is positively charged, then
negative polyelectrolyte can be easily adsorbed on it, making the surface negatively

chargedin turnand allowing the subsequent absorptda positive polyelectrolyti89]:

1. Purification in ultra sonic bath
2. 3-mercaptopropionic acid
S
>

Copper substrate
Copper substrate
Copper substrate

o
®
S
i
28
3
w
-
@
-1
o
o
o

Fig.1: Schematic representation of thealternating adsorption of an anionic polyelectrolyte and a

cationic polyelectrolyte Figure taken from [7].

There are two different effects that allow the growftla polyelectrolyte membranthe
firstis due to the electrostatic forces with skrarige (van der Waals forces, hydrophobic

forces) that occarbetweerpolyelectrolyes having different chargesh@& seconeffect
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iIs a favourable entropic contribution due to the release of counterions dbeng
absorption process both from the surface and from polyelectrolyte cliimsg
formation of each polyelectrgtie layer,the polyions in the bulk are electrostatically
attracted by the oppositebhargedpolyelectrolyts constituting the upermost layer of
thefilm in construction. Thisdsorptionprocessdriven by the electrostatic interactions
andby thegainin entropyfrom the release of polyelectrolyte counterions and the partial
removal of the hydration shell around ionized groups, leads to charge overcompensation
at theinterface[40]. It is necessary to point out that the citind of overcompensation
causeshe electrostatic repulsion of tpelyelectrolyte inexcess and limits the adsorbing
layer toa monolayer coveragdfter the first layer formation, #hsurface is rinsed with
pure buffer and the film is brought into coctavith the polyelectrolyte solution of

opposite charge, whicstarts a new deposition stigure 2):

substrate
drying

Fig. 2: Different steps of a dipping layer by layer technique.

The stable polyelectrolyte multilayer filntould exhibit two basic regimes of growth
with the number of deposition cycles: linear or exponeftihl 42] It is known that the
conformation of chainss a key aspedn multilayer growth[43], and it is generally
determined nbonly by intrinsic properties such us chain lengt] but also by other

factors suchas pH and ionic strength of the solutid®, 46]

With regard to théuild-up processseveral issues are currently under debate. For
instance, it is not well known to what extent the excess of charge is distributed on the
surface: some studies attribute it to the first few layers under the s{#¥qc8] while
others attribute it to the moleculd molecule and moleculsurface charge

overcompensatiof#9, 50] Another aspect that remains to be clarified concerns whether
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the compensation of the internal charge is dua 101 stoichiometry of the alternating

pol ymer s cénipénsatiob) iornathecpresence of mobile salt iomextrinsic
compensation ) . I n order t o gi ve a better und
intrinsic/extrinsic compensation, Riegler and Esstudied[51] a multilayer system

based onpolyallylamine / polystyrene sulfonate (PAH/PSS)In their work, they

conducted a quantitative analysigh respect to the internal charge stoichiometry of the
polyelectrolytes. Tohis end the adsorbed amount of polymer is translated into charge

per area.

Ba®i QOB | 3 Bl 3 (1)

¢

with:

(ipss,i= adsorbeémount of PSS monomols#im layeri
(ipanj = adsorbed amount &fAH monomols/niin layer;j
I = PSS layer number index

j = PAH layer number index

Ubss= degree of charging of PSS

Uban = degree of charging of PAH

As postulation, they assumeloht the strong acid PSS fully negatively charged, i.e.
totally dissociated(ss= 1) andthe weak polyelectrolyte PAESs well (ban= 1). With

both polyelectrolytes fully charged thAH charges significantly overcompensébe

PSS charges, but it turned out theg polyelectrolyte charge stoichiometry is not 1:1, and
the multilayer mustontain somesmall counterions for charge compensation. It was
suggested that t hi s A ewhénrthe rtlralige dersity mfptleen s a t |
polyelectrolytes exceeds a certain threshold. If the distance betweenatiyes is less

than theBjerrum lemgth, the strong binding of the counteriorso-Calledii Ma nni ng
c o n d e n speetvent® thair )relase upon multilayer formatiomhis explainswhy
multilayers withPAH contain counterions whereas otheryaiéctrolyte films are ion

free It is generallyacepted, however, that if the multilayerimmersed in an external
solution with asignificant saltconcentration, the chemical potential of the salt forces
some swelling of the multilayer thus establishsogne degree of extrinsic compensation

[52, 53] In any case, the satbncentration in solution has been proven to be a crucial
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experimental variable not only in controlling the beuld of the multilayers but alsm
determining theitransport properties4, 55, 56, 57, 58, 59]

The structure angroperties of these PEMs halveen extensively studied by X
ray and neutromeflectivity [60, 61] ellipsometry[51, 62] quartz crystamicrobalance,
scanning electron microscopy and atofoice microscopy63]. Measurements of the
potential[64, 65]have shown a symmetrical oscillation fre2® mV for the anionic layer
to +20 mV for the cationitayer. This indicates that during the successive deposifion
PSS and PAH layers each polyelectrolyte bringhk it a net charge which is, in absolute
value, the sam#or the polyanion and the polycation and doeschange during the build
up procedure. This also impli¢isat the charge excess of the multilayer does not vary
between the deposition of two consecutive PSSPaid layers In order to share fther
light onto this aspect in 2004 Moralesal. published a survey based on a study of a
polyelectrolyte multilayers system made of polystyrene sulfonate (PSS) and
polyallylamine (PAH) deposited on a gold electrode modified witlysteamine
Following the notation introduced by Silea al. [66], the total number of bilayers has

beendenoted as

o —— 2)

wherenessandneas are thenumber of layers of PSS and PAH, respectively. TNus,an
integer number wheness = neay @and a semintegernumber whemess = Nean +1. The
layers arenumbered by a superscript running from 0 for thecysteamine layer to=
2N for the outer layer in contaetith the bulk solution. Layers with even indexare
positively charged and layers with odd index are negatiwblgrged. The molar
concentration of fixed charggoups takes the same vakie= X for layersi =0, . . ., 2N

- 1. The charge concentratiomtheselayers can, therefore, be writtene¥, wherey'

= (-1)'is the charge number of the fixed groups. Tbecentration of charged groups in
the last layer i3¢N = X (1 + U), whereUis a factor describing its relatiwharge excess.
This assumption concerning fixetharge concentration is in agreement with previous
experimentafindings for PSS/PAH multilayersn which theg potential was measured

indicating alwayshe same oscillation betweer20 mVas mentioned befofé4, 65] In
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every layer a position coordinaterunning fromx' = 0 at the interface with the layer-(

1) to X = d atthe interface with layeii ¢ 1) is used. The layer thicknedss assumed to
be the same for all layers. Thieargeof the fixed group®f the polymer chainm every
layer is compensatday the mobile counterion®oreover,since the multilayers in the
system under consideraticsre rinsedby a (moderately) concentratesblution of
supporting electrolyte, some coigig., mobile ions of the same sign as the fixed groups)
are als@resentBearing in mind the previous pointdoralesetal. suggested an equation
which describethe local electroneutrality conditipassumed to be valithtoughout the

system:

1 ® Bdw m (3)

In equation 3¢ denotes the molar concentratiorkdfvith k indicating the counterions)

at any positionx within theith layer

Turning now to the question dfe inner structure of polyelectrolyte membranes,
there have been attempts in order to explain qualitatively the main process of formation
for a polyelectrolyte multilayer. Although it may be true that these stadésnited in
giving an explanation valid under any form of conditions or parameters,vieovtbey
provide comprehensive and reliable models for possible mechanisms. In the following
section some of those mechanisms are presented. In theifGvpiBarreiraet al. refer
to the Capillary Membrane Model (CMMand theHomogeneous Membrane Model
(HMM) as two plausible cases which could occur. In the first ¢hsg,claim that vuen
only a fewlayers have been degited the film is very porousuch thatpinholesmay
exist so heremight beareasof the substrateovered by only oner two layers. The
effective coverage of the electrode for thises is smalland thes@inholesmay persist
during the sequential assembly thie polyelectrolyte layers, although their area is
progressivelyeduced and they tend dmetaverage to be further apart freach other as
more layers are added. Eventually, after a centamber of layers, most of these pinholes
becomeclosed With the HMM model, the PEM habBeen modééd as a homogeneous
membrane where thacrease in theumber of layers leadsearlyto an increase in the
thicknesd. of the film. A different approach with respect to the two previous mechanisms
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is the model suggested by Lada&al. [64]. According to their idea, a ultilayer film
can be subdivided into three regsomhe first on€l) is closeto the substrate and it is
typically composed of only a fewayerswhich differfrom region Illdueto the influence
of the substratelhe second regionl{ represents theulk, here all anbnic and cationic
layers possess equal thickness anchost casepolyanion/polycation stoichiometig
observed to be 1:1 or at least close to that valbe.last regionl(l) is the oneclose to
the surface of the filmandit is typically composed obnly a few layers. It could be
described as @mansition zone between the chaxgempensated region Il atide charged
surface. Te transibns between zones | and |l abetween zones Il and 1l are gradual.
When the film idabricatel, zone | is completkfirst, then asnore layers araddedzones

I and 111 will preserve their respectithicknesseswhile zone Il will grow.
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2.2 Mold compounds

The term molccompoundrefers to highly filled epoxy resins used to encapsulate many
types of electronic packages, from capacitors and transistors to central processing units
(CPUs) and nmory devices. The modern matdmpounds have evolved into a complex
formulation containingcirca 20 raw materials and multiple processing steps, each
statistically controlled to yield a uniform and predictable end produdhe most basic

level, moldcompounds contain five classes of raw materials:

1 Organic resins: typically meltable, suchegmxy resin;

1 Fillers: are normelting inorganic materials, such as silica;

1 Catalysts: accelerate the cure reaction;

1 The mold release material: allows the naturally adhesive epoxy resin to come out

of the mold;

=

A pigment or colorant;
1 Other materials, sicas flame retardants, adhesion promoters, ion traps and stress

relievers are added to the mold compound as appropriate.

Mold compounds have evolved over the years to keep pace with industry needs: each
innovation in chips or packages design requirededdesimilar change in the design of

the encapsulant. In 1969, encapsulants typically were filled with fused silica at about a
68 percent w/w loading. Currently, materials are filled with 90 percent fused silica. This
shift was not made for reasons of dost driven by endiser performance requirements.
Over the last decade, every raw material and process in molding compounds have been
re-examined and almost all have seen major changes. With the acronym EMC (epoxy
mold compounds) one refers to highly folated products that contain epoxy resins as
organic resin and the rest of the raw materials: curing agents, accelerators, fillers, flame
retardants, adhesion promoters, parting agents (allows release from the mold wall after
molding), pigments like carboblack and other proprietary additive€ach EMC
supplier has its formulation Atrickso to
procesg68]. The epoxy resin most commonly used in EMC is epoxy cresol novolac
resirs cured with phenolic curing agents (figure 3):

10
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/O\
O—CH ~ CH CH7 O—CH CH CH; O—CH ~CH—CH,

Epoxy cresol novolak ©/c | @/ |
OH OH
CH, CH,
Phenolic novolak
(curing agent) @ \@ @\
OH

Fig. 3: Structural formulas of an epoxy resin (top) and curing agent (bottom)Figure taken from
[69].

It is worth noting the main advantages in using mold compounds:

1 Ease oprocessing with good mold filling;
1 Good adhesion to lead frames, packaging substrates, and semiconductor dies;

1 Acceptable chemical and moisture resistance.

The spherical silica fillers usually have a multimodal particle size distribution to allow
for high filler loadings: this step increases the viscosity of the uncured resins which could
have detrimental effects during the molding process; moreover, thecsppsbape helps

to keep the viscosity manageable during mold filling. During the processing of the pellets,
the raw ingredients are mixed at an elevated temperature to soften the materials and allow
good mixing in a kneader or roll mixeThe temperat@ris carefully controlled to control

the crosslinking reactionAfter the ingredients are fully mixed the mixture is cooled and

ground into powder (pulverized) or into pellet form (pelletizing) (figure 4).

Resin
Hardener —_’{Ml —> | Heating | —| Cooling ] _’[ Pulverizing |
Kneading
Filler l
| Pelletizing | «— Post-Mixing |
Additives —

T

| Molding at 175degC |

Q@

Fig. 4: Schematic representation of a pellet mcessing protocolFigure taken from [68].
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The process where an epoxy mold compound is ultimately used timtiséer molding

(figure 5). In a typical transfer molding process,-atBged pellet is placed into a heated
mold:

Molding Compound Tablet

=

] — —w:
>-\

Lead Frame Connected
to the Semiconductor Chip
i |

Plunger

Fig. 5: Step by step illustration of a transfer molding process, where a pellegpe EMC is used in

order to encapsulate a semiconductor chigrigure taken from from [70].

The mold is closed and the EMC pellet is placed into the chamber and heated to
175°C. At 175°C, the EMC softens (datrifies as it goes through theg)Tand the
viscosity decreases dramaticallfter a specified softening time the plunger injects the
now liquid EMC into the runner systerAfter the mold is completely filled and the
specified mold time is reached, the mold is opened and the parts ejattbd.molding
temperature of 175 °C, the viscosity is very low and the cavities can fill rapidlye 6

shows a schematic trend of the viscosity profile during molding.

Solid == |iquid == Gelled Solid

Chemical
crosslinking

Softening
and flow

Viscosity

Cavity filling at
lowest viscosity

1

Approximate
gel point

Time / Temperature

Fig. 6: Schematic of the viscosityime/temperature relationship during EMC molding. Figure
taken from [70].
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2 Theoretical background

Once the mold compound fills the cavitidsgn the chemical crosslinking causes a rapid
increase in the viscosityin order to maximize the manufacturing throughput, the EMC

is held in the mold only long enough to gdit the gel point, the material is not fully

cured but has sufficient mechaalstrength to allow the mold to be opened and the part
ejected. Upon cooling, the EMC is a gelled glass but the EMC is not fully cured. For
typi cal EMC6s the molding process is | on
conversion. After the molding procesghe molded packages are posting mold baked

at175 °C for 3- 4 hours to achieve full cure.
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2 Theoretical background

2.3 lon transport in condensed matter

Diffusion is fundamental for transport of matter and for ionic conduction in disordered
materials, inparticular diffusion in solids is fundamental in the art and science of
materials and thus it represents an important topic of -stdie@ physics, physical
chemistry, physical metallurgy, and materials science. The term diffusion refers to the
transport & matter from one point of space to another by thermal motion of atoms or
molecules and it is relatively fast in gases, slow in liquids, and very slow in solids.
Diffusion plays a keyole in many processes as intermixing of gases and liquids,
permeation batoms or molecules through membranes, evaporation of liquids, drying of
timber, doping silicon wafers to make semiconductor devices. Direct technological
applications of diffusion concern, e.g. doping during fabrication of microelectronic
devices, solickelectrolytes for batteries and fuel cells, surface hardening of steel through

carburization or nitridation, diffusion bonding and sintering.

The atomic mechanisms of diffusion in crystalline solids are closely connected
with defects. Point defects suchwagancies or interstitials are the simplest defects and
often mediate diffusion in crystals. Dislocations, giagundaries, phase boundaries, and
free surfaces are other types of defects. They can act agliffiggivity paths (short
circuits) because ghmobility of atoms along such defects is often much higher than in
the lattice. In solids with a structural disorder such as glasses or crystals with highly
disordered sublattices, the concept of defects is no longer useful. Nevertheless, diffusion
is funrdamental for transport of matter and for ionic conduction in disordered material and
many of the physical concepts, which have been developed for metals, apply to diffusion

in all crystalline solids.

The science of diffusion in solids had its beginningthan 19th century and it is
based on several cornerstones. The most important ones are: (i) The continuum theory of
diffusion originated from the work of the German scientist Adolf Fick, inspired by
experiments on diffusion in gases and of salt in watdopaed by Thomas Graham in
Scotland. (ii) The Brownian motion detected by the Scottish botanist Robert Brown, who
observed small particles suspended in water migrating in an erratic fashion. This
phenomenon was interpreted many decades later by AlbateinHe realized that the

phenomenon described by Brown was a random walk driven by the collisions between
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particles and the water molecules. His theory provided the statistical cornerstone of
diffusion and bridged the gap between mechanics and thermwags (i) The
perception of the Russian and German scientists Jakov Frenkel and Walter Schottky.
According to them, point defects play an important role for properties of crystalline

substances, above all for those controlling ditfasi
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2 Theoretical background

2.3.1 Dffusion

The equations governing diffusion process
continuum description and are purely phenomenological. A physical understanding of
diffusion in solids is based on random walk theory and on the atm@ahanisms of

diffusion. Consideringhe flux of diffusing particles in one dimensioxr-direction),

Ficks first law for an isotropic medium can be written:

0 O— (4)

HereJxis the flux of particles (diffusion flux) an@dtheir number density (concentration).

The negative sign in equation (4) indicates opposite directions of diffusion flux and
concentration gradient. The factor of proportionaliy, is denoted as thdiffusion
coefficientor as thediffusivity of the spe@s considered. Since the diffusion flux is
expressed in number of particles (or moles) traversing a unit area per unit time and the
concentration in number of particles per unit volume, the diffusion coeffidibas units

of [cm? s Y] or [m? s' 1]. Usualy, in diffusion processes the number of diffusing particles

iIs conserved, implying that the diffusing species neither undergoes reactions nor
exchanges with internal sources or sifik]. For a diffusing species which obeys a

conservation lavanequation of continuitgan be formulated:

— — (5)

Equation (5) is denoted as thentinuity equation Fi ckdés first | aw (4
of continuity (5) can be combined to give an equation whichischlledc k s second

or sometimes also trdiffusion equation

— 00— (6)
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From a mathematical point of view, this is a second order, linear partial differential
equation. Initial and boundary conditions are necessary foicplanrtisolutions of this
equation which permit the determination®ffrom measurements of the concentration
distribution as a function of position and time. In a simple example, a thin layer of the
diffusing species is considered. The diffusing specid¢iédint) is deposited at the plane

x =0 and allowed to spread for O.

~

oOam 07T (7)

M denotes the number of diffusing particles per unit areal aaa the Dirac delta
function. This initial condition is also callédstantaneous planar sourt¢e the frame of

this theory two geometries can be distinguished:

1. Sandwich geometnyf the diffusant (or diffuser) is allowed to spread into two
material bodies occupying the halbaces & x andi B< x < 0, which have

equal and constant diffusivity. The solution of equation (6) is then:

6 oo m_—AQD_ (8)

2. Thin-film geometry:If the diffuser is deposited initially onto the surface of a

sample and spreads into one fsdfce, the solution is:

6 oo I7|:AQE)— (9)

These solutions are also denotedsasissian solutiondNote that (8and (9) differ by a

factor of 2.The quantityc IO 0is a characteristidiffusion length

So far have been considered osblutions ofthe diffuson equation when the

diffusantis initially concentrated in a very thin lay&xperiments are also oftelesigned
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in such a way that the diffusant is distited over a finite region. lpractice, the diffusant
concentration is oftekept congant at the surface the sample. This is, for examptae
case during carburion or rtridation experiments of metaldn principle different
sdutions for different geometriarrangements of the sourca® possible. Considering
for instancethe dffusion with constant surfaceoncentraibn, the concentration at x = 0
IS maintained at concentrations € Co/2. The constructof the diffusian solution for a
semtinfinite medium, the ®e end of which is continuouslgxposed to a fixed

concentration ¢ reads

0 00QI Qw= (10)

the quantity of material which diffuse into the solid per unit area is:

Do ¢ O (12)

From a microscopic point of view, diffusion occurs by the Brownian matfon
atoms or molecule®As mentioned already in section 2.3, Albert Einstein in 19@%
published a theory for the chaotic motion of small particles suspended in a liquid. Einstein
related the mean square displacement of particles to the diffusion coefficient. This
relation was, almost at the same time, developed by the polish scientistcBavaski
[73, 74] It is nowadays called the Einstein relation the EinsteirfSmoluchowski

relation.

O
(@)

0O — (12

Turning now to the question of the dependence of diffusion upon thermodynamic

variables such as temperature and pressure: while diffusion in solids generally depends
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rather strongly on temperature, the variation of the diffusion coefficient with preasure,
least for pressures accessible in laboratory devices, is far less striking than that with
temperature. Usually, the diffusivity decreases with pressure not more than a factor of ten
for pressures of 1GPa (bar). The temperature dependence of diffusioefficients

obeys the Arrhenius formula:

0O 0Qmn — (13)

WhereD® denotes the prexponential factoalso called the frequency factapHthe

activation enthalpwf diffusion andT the absolute temperature.

Up to now main concepts of diffusion of particles in condensed matter have been
described. Considering, in particular, the conduction of ions in glasses, polymers,
nanocomposites and disordered solids there is no simple, broadly accepted model but
many theries have been formulated, every of which aims to give a better understanding
of the process. lon motion in disordered solids is fundamentally different from electronic
conduction in crystalline solids, indeed ions are much heavier than electrons so their
motion is far less governed by quantum mechanics. A standard model used to describe
transport in disordered solids with ioftgpe conduction assumes the existence of a
random potential landscape with ions randomly distribotesdt the local minimasfte9
of the potential energy, and the conduction is due to activated transitions of ions over the

barriers separating these sites (figure 7):

Fig. 7: Potential landscape for mobile ions along an arbitrary direction in the random energy model

(schematic).Figure taken from [75].
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This potential landscape is irregular and contains a distribution of depths and barrier
heights, as sketched in figure 7. The varying energies result from differing binding
energies at residence sites and differing saddle point energies between residence s
and they are influenced by interactions between the ions. One refers to thabas dine
energy modelThe model in which the site energies are assumed to be equal whereas the
barrier heights are random is often calledrdoedom barrier modef76]. In figure 7 ion

jumps in a disordered landscape in one dimension are illustrated. The arrows indicate
attempted jumps, most of which are unsuccessful and the ion ends back in the minimum
it tried to leave: if the barrier is detedl by Ee, T is the temperature ang ks the
Boltzmannds constant, according to rate
e X P 4etl KET).
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2.3.2 Grain boundary diffusion

In contrast to gases and liquids, crystalline solids exhibit several structurally different
paths by which atomic diffusion can take place. Diffusion through crystals is promoted
by atomic defects such as vacancies or interstitials. Next to them, grawdaas,
dislocations and free surfaces need to be considered as different paths. Because the
diffusivity in these regions is high, the termgh-diffusivity pathsor diffusion short

circuits were coined to describe these very fast diffusion phenomenlainvihiese high
diffusivity paths, grain boundary (GB) diffusion plays an important role in many
processes taking place in engineering materials at elevated temperatures. GB diffusion is
important also at relatively low temperatures. In particular, theicgetife of many
microelectronics elements and devices is limited by room temperature diffusion or
electromigration of impurities along GBs resulting in the degradation of service
characteristics. The fact thad) GBast lpg oivid dne
has been known since decades: in the 1930s mostly from indirect evidence and then in
1950s the fast graiboundary diffusion was well documented by autoradiographic
images[77], from which the ratio betweenfflisivity along grairboundaries and in the

lattice was estimated by Le Claire to be several orders of magniti@je These
observations were immediately followed by two important events: the appearance of the
nowadays classid-isher model of boundary diffusiof¥9], on one hand, and the
development and extensive use of the radiotracer serial sectioning technique, on the other
hand. During the following decades, the techniques for graimdary diftision
experiments have been considerably improved and extended to a wider temperature range
and to a broad spectrum of materials. Most of the mathematical treatment of grain
boundary diffusion is based on the model first proposed by Fisher. According to th
model, the grain boundary is represented by a-g&mite, uniform, and isotropic slab

of high diffusivity embedded in a lowiffusivity isotropic crystal[71] (figure 8). The

grain boundary is described by two physical paters: the grain boundary widitand

the grain boundary diffusivitipgs, which depends on the grain boundary structure. It is
widely accepted value for graloundary width of the order of an interatomic distaince

a 0.5 nm.
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Fig. 8: Fishero6s model [fattica diffusiviyo!l at ed gr ai n |

Dgp: diffusivity in the grain boundary. U: grain-boundary width. Figure taken from [71].

Mathematically, this diffusion problem can be describedlgyp | yi ng Fi ckbés s
to diffusion inside the grains and inside the gfaaundary slab. For composition

independent diffusion coefficients it is valid:

- 0 — — for w8 17¢ (14)

— 0O for 8 1 7¢ (15

Grain boundary diffusion is a complex process which involves diffusion from the source,
diffusion along the grain boundary, leakage of the diffuser from the-gmaindary and

perhaps subsequédattice diffusion into fringes around the grain boundary. Depending

on the relative importance of the various elementary processes, different diffusion
kinetics (or diffusion regimes) can be observed. Each regime prevails in a certain domain

of annealingtemperatures, annealing times, grain sizes, lattice and-lgpamdary

par ameters. Figure 9 shows Harrisonsd cl a
introduces three regimes called type A, B, an@@. In thefollowing subsections, the

three types of regimes will be discussed in details.
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Type A
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Fig. 9: lllustration of type A, B, and C diffusion regimes in a polycrystal
according to Har rAgeetakendronc[flassi fi cati on.

Type A: This kinetics is observed after diffusion anneals at high, or/and with long

annealing times, or/and in materials with small grain size. Lattice diffusion lengtb,

need to be only a little larger than the spadigtween grain boundaries:

n$ GO d/o.8 (16)

In that case, the diffusion fringes around neighbouring grain boundaries overlap and a
diffusing atom may visit many grains and grain boundaries during a diffusion experiment.
This results in an almost planar diffusion front with agigation depth proportional to

0. From a macroscopic poi nt of Vi ew, t
homogeneous medium with some effective diffusion coeffidentThe latter represents

a weighted average of the lattibeand grairboundaryDgp.

O D p Q0 17
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In equation {8) thequantityg is the fraction of atomic sites in the grain boundary of the

polycrystal, which can be written as:

QQ — (18

whereq is a numerical factor depending on the grain shape. For examplefor parallel

grain boundaries argl= 3 for cubic grains.

Type B: This kinetics emerges after diffusion anneals at lower temperatures, or/and with
relatively short annealing times, anthin materials with sufficiently large grain size.
Under such conditions, the bulk diffusion lengf® 0 can become much smaller than
the spacingl between grain boundaries. Simultaneously, the width of the-goaindary
fringes, which is given byfO 0 can be considerably larger than the gtsandary width

0. Thus, the conditions for type B kinetics are:

9 Y

MOOL Q (19

In this regime, graiboundary fringes develop by ediffusion from the boundaries. In
contrast to the type A regimehe lattice diffusion fringes of neighbouring grain
boundaries do not overlap. In a grhioundary diffusion experiment, the overall
penetration profile consists of two parts shown schematically in figure 10. Firsara
surfacepartdue to the direct tice diffusion from the surface. This part extends to about
o0 & MO dand the concentration in this region follows either a Gaussian or an error
function depending on the surface condition. Second, a deep pengjraim@poundary

tail due to thesimultaneous diffusion inside graboundaries.
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Lattice
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Surface

Grain
boundary

Fig. 10: Schematic illustration of a penetration profile in a bicrystal for type

B kinetics. Figure taken from [71].

Type C: Type C kinetics corresponds to conditions where diffusion through the bulk is
practically &é6frozen ino. Then, di ffusion 1
any essential leakage into adjacent grains. This situation can be matched in diffusion
anneals at sufficiently low temperatures and/or for very short diffusion times.
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2.3.3 Electrodiffusion

One of the methods used within the work of this thesis is the CAIT technique (whose
details will be given in the negections3.1). Thistechnique is based on the bombardment

of the sample surface with a metal ion beam. There, ion bombardment causes and defines
a surface potential due to which the ions are transported through the material under
analysis and detected as a neutralized cuenbhe backside of the sampkrom a
theoretical point of view, the framework suited best for describing the ion transport under
the conditions of a CAIT experiment is that of the coupled Nd?fesickPoisson (NPP)
equationsn its time dependent forrthis set of equations, indeed, allo@sscribing the
diffusion and the migration of the ions under the influence of a concentration gradient
and an electric potential gradient. In the framework of the NePfestick theory, the ion

flux density J is giveny[81]:

* O ng & — (20)

wherev is the index of the ion species with the respective diffusion coeffideni he

two terms inside the brackets introduce the diffusiarihe ion density gradiert, , and

the migration induced transport via the potential gradient,The ion densityr,, takes

into account any mobile ions that are in the sample already prior to the ion bombardment,
hvog( Abgo st ands nk)oas web asdoksghatcare mggcted iato the sample

due to the bombardment, boms Nv = Nvbomb+ N nbg The charge of the ionic species is

given byZ.e, whereZ, is an integer andthe elementary chargB.ol t z manndés cons
given byks andT is the temperature.

The time dependence of the i1 on transport i

— ny (21)
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accounting for the mass conservation condition. The electrical potential is deyitieel
ion distribution and the hmdary conditions that account for the experimental conditions.
Hence the potential and the ion distribution must be calculateecselsistently via the

Poisson equation:

-n - jpnn OB & ¢ £ (22

3¢

where the vacuum dielectric permittivity is given byand the dielectric function by
- . Because of the numerical complexity to solve thi@EBPP equations, a cylindric
symmetry of the system has been taken into account:

i=1 i=Nz O+1,i)  (0+1,i+1)

Fig. 11: Discretization procedure. Figure takenfrom [3].

The sample is discretized i n Vbltiufotker el e me
assumed that the sample is isotropic such that its dielectric funciosimplifies to a

dielectric constant, , and the diffusion coefficient is spatially constant all over the bulk
sample. Consequently, we only have to consider transport along the main cylinder axis

and transport in a radial direction. Angular transpogsdnot contribute. Furthermore, if

the thickness of the sample is exceedingly smaller than its radius, eventually also radial
transport can be neglected. With thesmplifications, equations2(), (22) and 1)

become:
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b VQ VQ O —1 pg_IThqg _ 0 s TR 03
SR P AL Rl (24)
T 25)

whereJ: andJ; are the radial and axial components of the ion flux vector amdliz are

the radial and the axial coordinates, respectively. In order to solve these equations, further
information on the potential at the boundaries of the sample is needed, in paasdhiar
Poisson equation is a differential equation of the second order, two boundary conditions
obtained from the experimental arrangement are needed. The first boundary condition
regards the backside of the sample, where the potential at the reartkadcsample is
supposed to be zem, j T. The second condition stems from the continuity of the
normal component of the electric displacement vector at the position of the front surface

of the sample at z = 0. In this specific point the ion speedtsesu

0 S (26)

Due to the finite kinetic energy of the impinging ions, the potential at the sample surface
may never exceed "Y . Once the surface potential has reached this value, excess
ions are repelled otgpped in front of the sample. The maximum value of the surface
potential also implies that the ion flux density through the sample is limited to a value
given by:
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0 — (27)

whereA is the bombarded area aRds the actual resistance of the sample for DC ion

transport. Considering now two different cases:

case (a)
0 0 n Y (28
case (b)
0 0 n Y (29

with Jing being the ion current that reaches the sample surface. In the first cases (a)
are deposited at the sample, the sample starts to clradlge surface potential builds up
which slows the movement dhe ibns. Assuming a homogeneous ion beam and
neglectingradial movement, the speed of the ions in front of the saimpldéunction of

position and depends on the local potential,

L a (30

The reduction of the ion speed leads to an accumulation of ions density such that a space

charge zone forms. Under this condition, the stestdte ion flux density is given by:

O a &0d OE s o (31)
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However, the accumulation oharges remains small such that in all cases considered the
potential varies (almost) linearly in front of the sample and the potential in front of the

sample may be described as:

& Q (32

whered is the distance between the aperture and the sample surface. The corresponding

electric field in front of the sample is then:

(33

Considering the second case (b) the surface is charged until the surface patdritial

repeller voltage become equal. Due to the high mobility of the ions in the vacuum, most

of the excess ions are radially deflected such that again a significant space charge zone
cannot be established. Consequently, the field in front of the santidbe similar to the

case (a) and a linear potential gradient is obtained. In the steady state, as many ions may
reach the sample surface as ions are discharged at the backside electrode such that the ion
flux density deposited at the samplgput, equals the maximum flux density through the

samplep

In a previous study3] the theory outlined above has been applied to polymer
membranes as well as i@onducting glasses, being able to predict the terydehthe
backside current for both cases. At low kinetic energies, the surface is chargedrup to U
as already discussed above. As long as the blind current is sufficiently large the surface
potential rises linearly with increasing kinetic energy. The fiootential eventually

saturates at a level that is determined by the value of the blind current.
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Fig. 12: (a) The backside current as a function of the kinetic energy of the ions of a membrane
sample for three different blind currents Inind, (b) the same information for the glass. Figures taken
from [3].

Figurel2shows the current at the backside of the membrane (a) and the glass sample (b),
respectively, under comparable conditions. Evidently, in the glass sample the backside
current increases linearly with the ion kinetic energy until the saturation levetietea

This saturation level, termed as;ldepends on the ion blind current, again confirming

the dominance of field driven transport. In the membrane, on the other hand, the backside
current increases approximately parabolically with the ion kinetiggreg low repeller
voltages. The theoretical expressions that describe the trend for the backside current were
found to be:

O (34)

in the membrane case, and for the glass:

0O — (39

whereZ is the charge number of the iorss the elementary charg&,s the bombarded
area,D is the temperature dependent diffusion constatite number of charge carriers

inside the film,L is the thickness of the specific ion conductor matekalis the
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Boltzmann constant anidthe temperaturédccording to the theoretical description of the
process up to now discussed, in the case et@nducting glasses, an ohmic behavior is
expectedresulting in a linearelation between current and voltafjehis is the case, then
the conductanc& and the specific conductivity jn turn, can be determined from the
slopem of the recorded currembltage characteristic curve by taking into acdotine

bombarded areé and the thickness of the sample according to the following formulas:

0 a4 — (36)

» OO- 37)

Simulations based on the coupled NRBquations

Within the work of this thesis, numerical simulations on the basis of thedgB&tions
(introducedn section 2.3.3 Electrodiffusion) have been performed in order to gain more

insights into the transport process investigated within the experiments cahduct

To this end, the coupled set of equatia2@{(22) was solved via a fourth order
RungeKutte routine. Therefore, theaxis has been discretized into space elements,
which could in principle have different sizkg. The discrete NPquations Z0)-(22)

can then be written as follows:

0¢

05 oy S —" &, — (39)

h h
. — (39)
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—& B (40)

Where i is the index of the space element, B € ; €& the excess ion density and

Yar, ™ Y& Y&  the distance between tteenters of two adjacent space
elements | and | + 1. The ion flux density between these two space elements is given by
Oy , while Oy and & ¢ Yo & Y& 1 Ya Ya are the diffusion
coefficient and the ion densit the boundary of the two space elemehte reader

should notethat in equation(39) the electric potential depends on the exact charge
distribution inside the sample as well as on the potential in the neighboring space
elements. Therefore, the potetis calculated recursively using the potential of the
previous recursion step as an input for the actual recursion step. The converged potential
subsequently enters the Ner$anck equation38) where the electrodiffusion of the
carriersis calculated he so cal cul ated ion fluxes ente
ion distribution is modified. In the following time step, the potential is calculated again

to match the modified ion distribution and so forth.

The calculations have been performed byanseof a simulation configurator. For the
calculation the -axis is discretized into space eleméttswhose number and width can

be arbitrary chosen from the operator. The time grid has been set in time incrieents

as well. In particular, the time ewtlon of the ion transport is followed until a quasi
stationary situation is reached, where the ion current adsorbed at the sample from surface
and the current measured at the backside electrode become equal. In the relevant sections
regarding the resultspecific values for the space and time grids used for the calculations

will be given.
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2.3.4lon Transport through PEMs

Bearing in mind the well know layday-layer technique discussed in section 2.1 and
using simple equilibrium arguments, théiernate adsorption of cationic and anionic
polyelectrolytes which leads to the complex formation of polyelectrolyte multilayers,

may be written according to equilibrium:
0® 00 # 00 O A (42)

in which P and P stand for polymebound, positively and negatively charged groups,
respectively, and Mand X are the small metal and halogen cout@s. Since each
polymer chain contains a large number of charged groups, a physically crosslinked
network structure is formed, in which tREP ion pairs represent the crosslinking sites.
While for polyelectrolytes of lower charge density the small cotiotes are completely
released upon multilayer formatiof32], some of the countéons remain with
polydectrolytes of high charge density, such as PAH, probably due to Manning
condensation [83]. As a consequence, membranes made of highly charged
polyelectrolytes containP pair as well as X" and PM™ pairs. The latter mes act as
ion-exchange sites and introduce bipolar properties to the mem[84n8&5] As a
consequence, the permeating cations and anions receive a pronounced Donnan rejection
at the positively and negatively charggers, respectively. Because of their higher
charge density, the divalent ions are more strongly rejected than the monovalent ones,
and the membranes show high selectivity in ion tranggdrt 86] In addition to te
electrostatic (Donnan) effect from th&XPand PM* pairs, it was suggested that thé&P

also contribute to the selectivity. Under the influence of the permeating ions, the polymer
bound ion pairs may be separated. The separation produces new exchange sites, which
interact with the permeating ions and contribute to the selectivity in iorpteinsAs a
consequence, ion transport proceeds as hopping between discrete omymer

exchange site87].

In their work in 2003, Farhat and Schlenoff described the mechanism of ion
transport across PEMs made of poly(diaigethylammonium) (PDADMA) and
poly(styrene sulfonate) (PSS) as ion hopping between discrete sites: these sites are small

clusters of extrinsic polymer charges coupled to counterions. Using simple equilibrium
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arguments (see equation (18)), it may be shthahan intrinsic PEM may be converted
to one that bears extrinsic sites by exposure to a solution containif@S$alt

0 =z 0DE&dOA 0&d® (42)

CA
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The system eentially behaves as a variable capacity ion exchanger. These sites are small
clusters of extrinsic polymer charges coupled to counterions. Any ion, be it a salt or a
probe ion, is associated with a particular oppositely charged polymer segment. This is a
rather uaDebyeHuckel (DH) statement: in the high ionic strength limit, charges should

be heavily screened and oblivious of each of@8}. However, DH theory is valid for

dilute ionic strength and assumes a mean field foeléetrostatic potential experienced

by a point charge in the presence of otH&&]. In their theory model, Farhat and
Schlenoff assert that the polymer charges within the PEMs are discrete and recognizable
as such bycounterions. Viewed at the molecular level, hopping is actually an ion
exchangeextrinsic charges occupied by salt counterions are now replaced by a probe ion,
and the vacancies that appear as a result of the departure of the probe ion are occupied by
sal ions, so at some point in this transaction, there is a momentary charge separation of
ion from fixed site. A motion of this kind should be thermally activated, and the
appropriate temperature dependence has been observed prg@8lugiy ion exchange
hopping, where salt and probe ions change place, implies that the movement of both
species is coupled. This coupled interdiffusion of two different anions, A and B, with
diffusion coefficientsDa and Dg , and chargega and zz and respective membrane
concentration€a andCg, can be described in terms of one diffusion coefficizs by

[90]:

0O (43
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Fromequation 43), it is evident that the slower ion present at lower concentration will
have a stronger effect on interdiffusion. The diffusion coefficient for hopping transport
in two dimensi omg/ i B1)wh & mgis theyaerlge Fopping

di st an ésehe hopping tine. In figuré3 below a graphic representation of the

hopping model according to Farhat and Schlenoff model is exemplified:

e

Fig. 13: Representation of the lmundary conditions for hopping modelaccording to Farhat and
Schlenoff.

A probe ion (shaded circle in the middle) balanced by three univalent extrinsic sites,
attempts to hop under five scenarios. Each hopping attempt results in either failure or
success. The large dashed circle represents a hoppingarashgbe small dashed circles
represent a site of adjacent lattice points within which the probe must find at least three
extrinsic charges available to maintain electroneutrality. Of the five hopping attempts
depicted (from (a) to (e)), only (e) is susstul in finding an unoccupied (by probe ion)

site with at least three charges within the hopping range.
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2.4 Thermionic emission

The thermionic emission is a process in which electrically charged particles are emitted
from a material by heating the emitter. Originally thermionic emission was introduced for
describing the production of electrons from heated metal @& 93] Soon, however,

it was discovered that thermionic emission also includes the emission of ions from solid
material [94]. Thermal emission of electrons was first introduced by heating a wire
filament with an electric currej95]. The amount of thermal emission of electrons or
ions from the surface of the material increases rapidly, by enhath@rigmperature of

the emitter. The temperature dependence of the total ion current density from alkali metal
aluminosilicates, in general, follows the Richardddushman behavid®6], which was

originally developed for the ession of electrons from metals:

0 0 'YQwn — (44)

HereJo is the total ion current densityis the effective work functiorm is a universal
emission constant, is the temperature ard the Boltzmann constant. Each material has
its own work function and the work function is associated with the Fermilkeaed the

ionization energy of the material, represented [97]:

w .. ©O (49)

The ionizatim energy is the amount of energy required to remove the outermost electron
(valence electron) from its atom in free space. The Fermi energyHenethe highest
electron energy state populated in a material at absolute zero temperature. The material
Femi level and work function are the primary properties that determine the emission
behavior for a given material s®.i ¢ h ar d s o n4d)suggestdha the emissiof
current is independent of the field strength of the emitter. However, the experiments
displayed that the electric field also plays a role in determining the emission current
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density. In general, it is well known that there are different regimes of the electric field in
thermionic emission. At low fields, the emission is dominated by tinegfion of a space
charge zone in front of the emitter giving rise to an upper limit of the ion current possible.
This is in general referred to as the CHishgmuir regimg98, 93}

L Q —— (46)

whereUry, is the potential at the emittgacuum interfaced is the distance between the
emitter surface and grounded detector plislig; is the mass of the ion emitted, anib

a material constant. At moderate field strengths, the emissiorent is thermally
dominated by the Richards@ushman relatiofi99, 100, 98, 93, 92]The space charge

in front of the emitter surface does not effectively limit the ion current anymoratand
high electric field strengths, the field dependence of the emission current is determined

by the Schottky effect, which decreases the effective work function accordit@lio

O 0YQo R (a7

where Jo corresponds at the ion flux density according to the RicharDsshman

equationE is the applied fieldE = U / dandTsa constant named Schottkgmperature.

Thermionic emitters have a wide range of application: as a source of electron in
conventional electron tubes (e.g., television picture tubes), as an ion source in many
technological and scientific branches such ashisources in satellite charge control
[102]; in particular sodium and potassium ions are used as an important tool for signal
transduction in cell biologhl 03] and cesium ions in commercial time of flight secondary
ion mass spectrometf$04]. Among the ion emitting materials, zeotype aluminosilicates
appear to be particularly efficient for thermionic production of long term stable alkali

metal ion beams. For the emission of lithium, sodium, potassium, amiumbions
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aluminosilicates of composition MAIZEDs (M = LiT Rb) have been mainly used. The

solid aluminosilicate emitters can be used for the realization of a simplelzaadalkali

ion source for application in ultfaigh vacuun]105]. Aluminosilicates are often mixed

with molybdenum (Mo) in order to guarantee a homogeneous temperature distribution of

the materia[106]. Aluminosilicates are of the compositionXAl203.2Si®, where X

represents thalkali species. The basic structure of this material is silica with a certain
proportion of the St ions replaced by Afi n si |l i cate to produce a
O 1 Si |l inkages. The silica crystalHine s
which the alkali metal ions can move freely. Aluminosilicate is a good ionic conductor,

but not an electronic conductor. Because of this special property aluminosilicates can be

used as ion exchanger as well as thermionic em[ior.
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3 Methods of analysis

3.1 CAIT Description

The acronym CAIT (charge attachment induced transport) refers throughout this thesis to
the method of analysis developed in 2010 within the research group of Prof. Widiizel
technique represents a new experimental approach for measuring ionic conductivity,
diffusion coefficient and activation energy of specific ion transport through different kind

of materials. In the scientific environment there is a considerablearwhbxperimental
methods available for characterizing the dynamics and transport of ions, e.g. impedance
spectroscopy (IS]108, 109] solid-state NMR technique§l10, 111] pulsel field
gradient NMR (PF&NMR) [112, 113]and tracer diffusion (RTD[L14, 115, 116, 117]
Although impedance spectroscopy is one of the most commonly used techniques,
however, the technique relies on a wddfined electrical contact between the samples
and two electrodes. There are situations where it would be advantageous to have a
techniqe for measuring conductivity which requires only one contact between the
sample and an electrode: in the case of thin film samples, to name one, the evaporation
or sputter deposition of a second electrode may lead to an electrical short circuit, or
furthemore when dc bias voltages are applied, there may be anodic dissolution and
cathodic deposition of the metal resulting in unstable sample/metal interfacial contacts
[118]. In this context the CAIT method represents an altereatiad innovative
technique; over the last decade, within the works of this group of research, conductivity,
diffusion coefficient and activation energy for the transport of ions through borosilicate
glasseq119, 2] phosphate glassé€3, 4], PPX film[5] and polyelectrolyte multilayers

[6, 7] together in some case with numerical simulatfd2€), 121]have been studied.

The CAIT method is based on bombarding an ion conducting sample with an
appropriate low energy ion beam generated byheamionic emission process (see
previous section 2)4 The homogeneous ion beam is acceéztavith a certain kinetic
energyUr, by an electrostatic lens, the repeller lens (see the experimental part for details

and description). The kinetic energy of the ions is given by:

(0] -a0 oty (48)

40



3 Methods of analysis

wherem s the ion massy the ion velocity andeis the charge of the ionic species. By
means of a series of electrostatic lenses, the ion beam is focused and directed toward the
sample. The ions at the surface of the sample are absorbed via a soft landing process
which avoids arundesired implantation phenomenon. The bombarder ions impinge on
the front surface of the sample, leading to the formation of a surface potential and a
surface particle density. Since the backside of the sample is in contact with an electrode
and that eletrode is grounded, then a potential and particle density gradient toward the
backside of the electrode arises. The ions are transported according to these gradients and
move toward the grounded electrode where they are neutralized and a corresponding
neutalization current can be detectegtd

®>

Ekm - CUR

+ + + + + o+
+ + 4+ + + o+
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Sample

Backside clectrode

Fig. 14: Transport of ions toward a sample and neutralization at the backside electrode.

A quaststationary (steady state) current only rises under the condition that as many ions
are deposited on the surface as many ions are neutralized at the backside electrode (figure
14). The evolution of the backside current against the time can be thestibed by the

electric circuit in figurel5[122]:

U

Fig. 15 Representation of the evolution of the backside currentia an equivalent circuit.
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It has been said that after the deposition of positive ions on the surface of the sample, a
positive potential will be generated: in terms of circuit, one side of the capacitor will be
positively charged. As a compensation process of the excess of oblagigns will
accumulate along the backside electrode, leading to a highat the beginning of each
measurement. As the charge compensation proceeds, the capacitive current drops more
and more, until a stable and constant value is reachgg. (This represents the steady

state condition named above. Ultimately the detected current consists of two

contributions:

1 Ig, the resistive current, which falls throughout the resistance R of the film

1 lc, the capacitive current, which can be described aswoll

0O O Aob- (49)

Wherelmaxis the current at the beginning of the discharging process of the capacitor and
describes the time needed until the discharging process is completétis aiefined as

U= RC (withRthe resistance of the film af@lthe capacitance)

06|||I|||I|||I|||I|||I|||I|||I|||

capacitive

resistive
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time/s

Fig. 16: Resistive and capacitive contributions of the registered backside current.
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3.2 Time-of-flight Secondary lons Mass Spectrometry (TOFSIMS)

3.21 Principle of a SIMS analysis

Secondary ion massagrometry (SIMS) is based on the detection of ionized molecules,
molecular fragments or atoms generated as a consequence of the bombardment of a
primary ion beam on the surface of the sample under analysis. The technique has its roots
on the characterizian of materials in the semiconductors industry and evolved to be one

of the most powerful techniques for the analysis of organic and inorganic sgh#3es

124]. Although the emission of secondary ions from surfaces was observed about 100
years ag$125], the first instruments only appeared in the early 1950s and 1960s (Herzog
[126], Leibl [127], Castang and Slodzigii28]). Up to the early 1980s the widest
application of SIMS was to exploit its destructive capability to analyze the elemental
composition of materials as a function of depth. This appraeashknown as dynamic

SIMS, which found extensive application throughout the semiconductor industry where
the technique has had a unique capability to identify chemically thelairkevels of

charge carriers in semiconductor materials and to charactdriz layer structure of
devices. Although of great importance, this variant of SIMS could not be described as a
surface mass spectrometrylt was only in the late 1970s that tlsirface mass
spectrometry capability was developed as a consequence of tkefABenninghoven

and his group in Minstdi29]. Although the SIMS technique is basically destructive,

the Munster group demonstrated that using a very low primary particle flux density (
1nA cni?) the information derived fra the mass spectra data would be characteristic of
the chemistry of the surface layer, because statistically no point on the surface would be
impacted more than once by a primary particle during an analysis. This approach was
named asstatic SIMS From ttat moment the nomenclatudynamic SIMSand static

SIMS appeared, where the two are distinguished by the primary ion dose acceptable
during analysis. Fostatic SIMShe limits for the acceptable primary ion dose density is
<10" ions cm? per experiment[130], in contrast irdynamic SIMShe minimum dose
measurement 810! ions cnm? (see paragraph analysis modes for detdild)oth cases,
staticor dynamicSIMS, the principal phenomenon related to the formation of secondary
ions is the sputtering process which can be described as a cascade of collisions of the
incident particles in the material being analyzed (a general view of the process is
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represented ifigure 17). lons from the source collide with the surface of the sample
generating atomic motion by either direct collisions between the primary ions and the
atoms of the material, or natfirect collisions between atoms in motion (which in
particular forpolymer leads to a collective molecular motion regjt&d]). Since typical
primary ion beam energies are of the order of keV, the collisions energies are much higher
than the binding energies of the atoms in the material, ti@guin an extensive
fragmentation around the collision region and producing essentially only the emission of
atomic particles. As the collision cascades spread they become less energetic, resulting in
less fragmentation and generating the emission ofculalefragments (see schematic in
figure 17). The fragments from the first monolayers of the sample will have sufficient
energy to overcome the surface binding energy and leave the sample. Such fragments are
ejected as atoms and molecules. The descriptidhe sputtering phenomenon and ion
formation is still the object of much research, with several models that consider both
theoretical aspects and molecular dynamics simulation rg¢&8lts 132, 133, 134, 135,

136, 137]
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Fig. 17: Description of the sputter process. Left: the impact of the primary ion induces a collision
cascade of particles in the solid that leads to ejection of particles when returning to the surface.

Right: secondary particles ejected during the sputter proces®icture taken from [138].
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The sputtering yieldY) determines the rate of material desorption after the incidence of
primary ions. It is defined as the ratio beem the number of atoms removed and the
number of incident ions. However, only a small fraction of the atoms and fragments
removed are ionized (from 0.0001% to 1J%g9]. The basic SIMS equation relates the

number of ionized species of mas$o their sputtering yiel®m[140]:

0 Ob| —- (50)

wherelnis the current of ions with mass Hpis the primary ion currentjis the ionization
probability, dm is the concentration af in the surface and is the transmission of the
analyzer employed. Both the sputtering yield and the ionization probability will depend
on parameters such as thenpary ion beam energy, the angle of incidence and the type
of molecule. Furthermore, the electronegativity of species present in the surface of the
material under analysis will influence the ionization probability of different fragments of
the same molecul&his is known asnatrix effectand is a significant problem when it
comes to quantification of Te6EIMS data.

In conventional SIMS instruments, secondary ions are generated continuously by
use of a static primary ion beam, and the different ion spaotedetected sequentially,
e.g.in adoublefocusing magnetimass spectrometer omaadrupolespectrometer. At
a given instant, only secondary ions of a previously selectedtmabarge ratio reach
the detector. Thus, most secondary ions are not mexhs@ven in multdetector
instruments, only a few ion species with similar ra@ssharge ratios can be detected
simultaneously. Most secondary ions are therefore lost during the analysis. Contrary to
this, time-of-flight mass spectrometry allows measgrial secondary ions with one
polarity quasisimultaneously. This together with the high resolution capabilities of the
modern instruments made the latter being the most popular one. In the next sections, the

main components of a TeFIMS instrument will i described in detalils.
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3.22 ToF-SIMS Setup

The ToFSIMS IV instrument used for the results presented in this thesis was
commercialized by the company IGNOF GmbH (Minster Germany). The system
supports three different primary ion sources, the main one being a bisgoudhmetal

ion gun(LMIG), that can produce monoatomic or clustet"Bieams, and dualsource
column(DSC) with sources capable of producin§ @oms and Csions. The 3" and

Cs" beams are typically used for etching in depth profiling modes. The instrument has
also an electron gun for charge compensation. The two sources (i.e. LMIG and DSC) are
positioned at 4%o the surface of the sample a@ncetween stays a ToF analyzer with a
single stage reflectron and a mwdhiannel plate detector capable of up to 20 kV post
acceleration voltage, resulting in a time resolution of nanoseconds for typical pulsed
acquisition. The analysis chamber is mamgd at ultrahigh vacuum at a pressure of
around 160° mbar. Figure 18 shows a picture of the equipment with its main components.

Reflectron |

Analysis gun Dual sputter

Fig. 18: Schematic constuction of a TORSIMS instrument (picture taken from takenf r om | ont of 6 s

training material).
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Primary ion beam column

In figure 19 below all the components present in the primary ion beam column are shown.

The column contains a liquid metal ion gun (LMIG) with a bismuth tip.
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Fig. 19: lllustration of an LMIG with its components. The focusing through the blanking

Adapted from the instrument manual. aperture can be optimized by

measuring the current hittiriige target (with a Faraday cup or evemaducting sample).

For all analysis modes, the beam must be pulsed and this is done at¢hepper and
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chopper which is also where the beam mass filtering is done by blocking ions of different
masses that will have different velocities for the samenberaergy (the highest current
beam species are 'Band BF*). The maximum energy of the beam isk¢V for single

charged species.

Dual-source column

The dualsource ion column (DSCgontains an electron impact source capable of
producing @"and a thermal sputtering ion source capable of producingp®® degrees
deflection magnet is used for beam selection and the focusing, bunching and pulsing work
in a similar way to the primaign beam column. These sources are used more commonly
as etching guns in depth profiling modes (see next section 3.1.3) although they can also
be used as primary ion guns for specific applications. Figure 20 shows a schematic with
the main components preseén the duaksource column. Typical energies for thg @nd

Cs" beams are respectively 1 keV and 3 keV.
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Fig. 20: Schematic illustration of a dualsource ion column.Adapted from the instrument manual.
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Analyzer and Detector

A time of flight (ToF) analyzer has unique characteristics that make it the ideal detection
system for SIMS. In finear ToFsecondary ions are separated by their mass/charge ratio
(m/2 and their masses are determined by the time they take to travel a disianae
flight tube free of electromagnetic fields after being accelerated by an extractor to a

common energie. The relation betweel and the flight timet, is:

o a’Yy — &— (51)

wherez is the ion charge staté) is the extractor potential andis the velocity of the
secondary ion. Therefore, lighter ions travel at higher speeds and reach the detector before

heavier ions in a timg according to the relation:

0 00— b — — (52

The drifttime tyas calculated by means of e§2)is not fully identical to the total time

of flight. A rigorous mathematic treatment of the ToF analyzer has to include all
contributions to the total timef-flight. For instancethe time needed for acceleratioh

the ions {has to be added. A further elaboration of the total time of flight will be

successively introduced, as the reflectron system and its advantages will be discussed.

There are several factors that influence on a-aw&lyzer resolution (or will of
a secondary ion packgf)41] such as angular spread of ion trajectories or effective depth
of the detector, but the major source of resolution degradation is the energy gpBead (
of ions of the same mass. The resolutis indeed, in first order, determined only by

the energy spread:

— = (53)
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In order to overcome such problem, scientists came up with the idea of introducing a
reflector as focusingon mirror. Mamyrin et al. (1973) demonstrated experimentally a
twost age i on mirror: Mamyrinds proposal
through the use of a linear static electric field (ion mirror). An illustration of a ToF
analyzer with twestage ion mirror is showim Figure 21. The picture has beetaken

from a literature studfi42] and it illustrates the setup used for a photoelectron photoion
coincidence (PEPICO) experiment. However, the sketch represents a good didactic

example of bw a reflectron system, used in a typical ¥®IMS instrument, works.

|
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Fig. 21 Sketch of a reflectron spectrometer{142].
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The ion spectrometer consists of five different regions. The ion source defined by the lens
elements S1 and L1 (d = 1.5 cm) seragshe first acceleration region. The lenses L2 and

L3 (d = 2.3 cm) define the second acceleration region. The latter lens has the same
potential as the lenses L5 and L6, i.e. that of the drift tube. Thatlyge acceleration
creates a space focus withime first field free drift region (IstFFDR). After passing
through the 1stFFDR (from L3 to L6, length = 87.3 cm) the ions are decelerated and
turned around in a twstage ion reflector consisting of a first deceleration region L6 to
L7 and a reflection régn L7 to L8. The ions then pass through a second field free drift
region (2nd FFDR, length = 33.6 cm) before being detected at a microchannel plate
(MCP) detector. For understding the mode of operation afreflectron, one can take

the space focus of aon source as a start point for the flight of ions of one distinct mass,
with no spatial or temporal distribution, but with different kinetic energies. After the drift
length in the IstFFDR, the ions with higher kinetic energy first enter the ion mirror,
followed by those with lower kinetic energy. The former penetrate deeper into the
reflecting field than the latter, resulting in a longer residence time within the reflector for

the higher energy than for the lower energy ions (see figure below):

Detector lon Mirror I I | | | | | I I |
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Fig. 22: Representation of a reflector compensating for distributions of initial kinetic energies of
analyzed ions: an ion entering with large kinetic energy will have a longer travel distance inside

the reflectron (blue dot) than an ion with low kinetic energy(green dot).

The total timeof-flight ttor is the sum of the flight times in the individual spectrometer

areasaccording to the equatidt43]:

tror = a1 + ta2 + tipror + 2lgec + 2ter + Lrrpr (54)
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where:

0 cow — (59)

with taz the time of flight in the first acceleration region, O = 7 1 9 &/ém ascenant,
Ua1 the energy of is the ions within that region, m the mass of the ionaatitexpath of

theion in the first acceleration zone;

Y Y (56)

with ta2 the time of flight in the second acceleration region, U the total energy of the ions

and o> the path of the ion in the first acceleration zone;

0 COw — (57)

with tirrprthe time of flight in the first field free drift region ang-xorthe path of the

ionin that zone;

o) —a Y Y Y (59)

with tgecthe time of flight in the deceleration region of the reflectronctbe energy

lostfrom the ion due to the deceleration aretthe path of the ion in that region;

0 COw  — (59)

with trerthe time of flight in the reflection region of the reflectronsstthe energyained

from the ion due to the reflection andixhe path of the ion in that region;
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0 cCoOw — (60)

with torrporthe time of flight in the second field free drift region, U the total energy of

the ion and xrprthe path of the ion in that zone.

In the case of thetsdy conducted in the literature cited above, an extra contribution to

the total time of flight-arouededmedo bensoher
the same location, within a gas icousce (as in a PEPICO experiment) can have initial
velocities in different directions. The time for those ions with the reversed velocities to
return to the initial position and {fto begi
around t i méobadloFSINIS expevineent this contribution to the total time of

flight is not relevantln a ToOFSIMS instrument, by adjusting the electric fields carefully,

all secondaryions of one species can reach the detector practically simultaneously.
Optimal eflectron voltage is 20 V for positive ions and0 V for negative ones. A
parameter that can be changed in order to optimize the mass resolution of the analyzer,
and even the most commonly adjusted by a user, is the distance of the extractor tip to the
surface of the sample. The optimal distance of the tip is 1.5 mm and this has to be adjusted
depending on features of the sample under analysis.

After the reflection, the secondary ions are gaustelerated with energies ofl®
keV before theyaach the dector The detector consists of a microchannel plate for ions
to electron conversion, a scintillator for electtorphoton conversion, and a
photomultiplier, which is placed outside the vacuum chamber. All three steps lead to an
amplification of the sigal, but the major advantage of this set up is the separation ef high
voltage at the detector and lemltage of the electronics. A constant fraction
discriminator converts the incoming signal to a normalized signal, which is further
processed in a time tdigital converter (TDC). The time resolution of the TDC is
adjustable between 50 and 1600 ps, but it is mostly operated at 200 ps. A second detector
system is used for the detection of secondary electrons. With this, a secondary electron
image similar toliose generated in a scanning electron microscope can be obtained by

scanning the primary ion beam over the sample.
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Electron flood gun

The majority of organic materials are electrically insulating and therefore they will
accumulate charge on theirface during a SIMS analysis. Such an effect can reduce or
completely suppress the secondary ions reaching the analyzer. The sample charging
occurs during the sputtering process after the bombardment of the surface by positive
charged primary ions anddhsimultaneous loss of secondary electrons. The sputtered
region will exhibit positive charging unless the material has enough electrical
conductivity to carry the electrons to the region in question. In order to neutralize the
charge built up during SIM&nalysis, a charge compensation system has been developed
especially for pulsaé primary ion sources used in B<8IMS (Hagenhoffet al, 1989).
Electrons from a pulsed leenergy electron source reach the target between two primary
ion shots. This process selfregulative due to the low energy (10 e\20 eV) of the
electrons. The secondary ion extraction field is switched off during the electron pulse.

3.23 Analysis modes: mass spectra, surface imaging, depth profiling

There are three analysis modeJofF SIMS. In the following sections, an overview over
the cited modes will be given.

The first one is theurface spectrometrthanks to which high mass resolution
spectra can be acquired. For this analysic SIMSondition is used by the application
of very low primary ion dose densities. Since the surface is not destroyed, this mode
provides detailed elemental and molecular information of the originakmuatified
composition from the outer monolayers. With this mode, high mass resolution isgorovid

(8000 m/ em mass resolution).

The second analysis mode is swgface imagingBy rastering a findocused ion
beam over the surface, like an electron beam in an electron microprobe, high spatial
resolution secondary ion imagehémical mapscan be olained simultaneously. In this
mode, the surface is also not destroyed due to small ion current density. FBéVI®F
instrument is capable of raster scanning the primary ion beam with a maximum area of
500 x 25Within thensurface imaging mode, mordfetent ways to operate are

distinguishable. The three most used modes of operation of the primary ion gun for
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surface imaging are thiegh current (bunched) mogthe burst alignment modand the
burst modealepending on the conditions required from thalfimages. Thaigh current

moderequires two beam croswers in the deflection systems in order to achieve very

short pulse lengths and it can provide good massré ut i on ( m/ ¢gogm) ~ 9, 0 (
with high beam current (~=30nBC on target) but redalced sp
em spot size). Wiovehtheburst aignroemtenodesulisim atowen s s

current (~ 400 pA DC on target) but enables much better beam focusing and therefore
higher spatial resolutiof- 300 nm spot size) but with unit mass resolution. Finally, both

good mass and spatial resolution (at the cost of a lower beam current) are provided from
theburst modeFor all these three analysis modes, a full mass spectrum is recorded per
pixel in the raster pattern and the spectra of all pixels are collapsed into one final spectrum

representative of the surface under analysis.

The third analysis mode is tlepth profiling which operates undetynamic
conditions and for that is a destructive methafith this mode, one can get elemental or
molecular information as a function of depflepth profiles are obtained inrdaalbeam
modewhere a primary ion beam and a sputter beam are optimized independently. The
two beams operate intermittently to providepth information of secondary ions. The
first beam sputters a crater, the second one progressively analyzes the crater bottom, with
the precaution thdhe primary ion gun raster scans a much smaller region than the sputter
gun in order to avoid crateraN effects There are two possible modes of operation for
depth profilesinterlaced modandnoninterlaced modeln the interlaced mode, mostly
used for conductive samples, the sputter beam operates between extraction pulses in a
guasisimultaneous fasbn with the primary ion beam. In the norterlaced mode, ideal
for insulating samples, the primary ion beam and analyzer operate separately from the
sputter gun, with intervals in the order of seconds that give time for surface relaxation

and electron @loding.
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3.3 Profilometry

A general depth profile acquired by means of a-BdHMS instrument provides the
secondary ion intensity as a function of the sputtering time applied. However, the
secondary ion intensity as a function of depth is needed #bleeto evaluate charge
densities or determine diffusion coefficients by normalization procedure. Therafore
profilometer Dektak 3ST from Veeco Instrumentsgs been used in order to transform

the sputter time into a sputter depth, by measuring the height of the crater formed as result

of the depth profiling.

All profilometers consist of at least two parts: a detector and a sample $tage.
detector determes the exact position on the surface of the sample, while the sample
stage holds the samplBhe stylus profilometer hereby used, consists of a probe which
moves along the surface in order to acquire the surface height. This is done mechanically
with a feedback loop that monitors the force from the sample pushing up against the probe
as it scans along the surface. A feedback system is used to keep the arm with a specific
amount of torque on it, known as telam fnset
holder can then be used to reconstruct the surface. Stylus profilometry requires force
feedback and physically touching the surface, so although it is extremely sensitive and
provides high Z resolution, however, this technique can also be destrtactsmme
surfaces, which are so soft or fragile to be damaged from the motion of the stylus onto

them.
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Fig. 23: Schematic of a stylus profilometerFigure taken from [144].
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3.4 Sputter coating

Sputter coating is a widely useechnique for depositing thin layers of conductive metal
onto nonconducting (or semiconducting) specimens or surfaces for thin film
applications. As described in section 4.2 (sample preparation), a coating of thin chromium
and gold layers was performedrthg the procedure of preparation of the PEMs samples.

To this aim, a Leica EM ACE600 coating instrument was used, which is configured for
the sputtering of a wide range of metal targets and owns a glow discharge capability.
A glow discharges aplasmaformed by the passage @iectric currenthrough a gas. It

is created by applying a ltage between twelectrodesn a chamber containing a lew
pressure gas. When the voltage exceeds a value callestrikimeg voltage the
gasionizationbecomes selfustaining and it glows. In this specific case, the glow
discharge is an optional process useful for cleaning cazbotaminated samples or to

clean the sample surface before coating in order to make it hydrophilic. In a conventional
sputter coater, the coating is performed using ionized argon to create a plasma. The argon
ions are accelerated by high voltage and tied¢owards the metal target via a magnet
where they collide with the source and displace surface atoms. Due to this collision, the
surface atoms are directed towards the area below the target and coat the sample. With
the quartz thickness measurement,|élyer thickness can be calculated as a result of the

changed quartz crystal resonance frequency.

-V Power Source

Cathode — i T-Camode T Tg
- Target— WIT l -F UT‘— /_ﬁ::g‘e;o:_latenal
= gf %i%"l TTIITEI/\:”%%":
Spum'):m T T by Neutralization

Substrate
Holder

= Anode j—— Substrate

Fig. 24: Diagram of the sputtering processTaken from [145].
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4 Experimental part
made ion emitter, I) the electrostatic ion optics and Ill) the sample holder. A sketch of

4.1 Experimental CAIT setup

Computer
Eurotherm

The experimental set up for CAIT measurements consists of three main parts: I) the home

A

USB module
power supply | J
OP
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USB module

the general CAIT experimental setup is schematically depicted in figure 25
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Fig. 25: Sketch of the charge attachment induced transport (CAIT) setup
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4 Experimental part

A detailed description of the three parts will be presented in the next sections.

4.1.1 lon emitters

Two emitter designs have been used within the work of this thesis: etptéen for
thermionic emission of potassium and rubidium ions and entygper bfor lithium ions

emission.

Emitter type a

The homemade thermionic emitter of potassium and rubidium aluminosilicates of
composition M[AIS}Os] (M = K, Rb) has been used as mm source in the CAIT
experiments. In particular, for potassium ions, the emitting material consisted of a mixture
of potassium aluminosilicate (synthetic Leucite). The synthetic Leucite could be prepared
by mixing potassium carbonate ABOs), aluminiumoxide (AkOs) and silicon dioxide

(SiQy) in a molar ratio 1: 1 : f2]. The mixture was then crushed into a corundum tube
and heated at 1000 °C for 3 days. After cooling, the material was grounded and assorted
with molybdenum (Mo) powder in the ratio of 1:9, in order to guarantee a homogenous
temperature of the material. Tleld of the product was compressed and annealed at
1200 °C for 12 hours and the mixture was then filled into a steel pot and mounted on an
assembly. The hommade thermionic emitter of rubidium aluminosilicate,
Leucite(RbAIS;Os) was prepared by mixingta@chiometric amounts of rubidium
carbonate (RIC0z), aluminium oxide (AlOs) and silicon dioxide (Sig) in the ratio 1:1:4

[146]. The preparation procedure was the same as the one described for the potassium ion
emitter. In boh cases, the synthesized emitter materials were placed onto a steel or pot
tube which was connected to the heating device. The steel pot and the heating device were
covered with a heat shield for homogenous heating of the emitter material. The emission
haole of the ion source was 3 mm in diameter and the thermionic emission was caused by
a tungsten wire with a heating curremtad typically varied between about 4 Amp and 7
Amp, depending on the specific heating device. It is well known that the themsalen

is strongly temperature dependent and becomes more efficient at higher temperatures
[96]. As a consequence, a heat shield around the emitter increases the temperature in such
a way that the ions were more efficientlyiged and a continuous ion current can be
generated at the position of the sample. In general, it is possible to vary the emissivity of

the emitter by changing the heating current or the electric field in front of the g@tter
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98, 99, 147]The electrical circuit of the ion source, including the emitterthadepeller

lens is shown iniflure 26, where R is the resistance of the heating circuit.

',_4 stainless steel vessel

]/> emitter

-

JLL

14(0...10) A €—— .
_ » heat shield | ) A<

repeller lens

i U(0.5.. 5)V<
holder = i

USB module H PC

Fig. 26: The assembly of ion sarces is presented oithe left [148], while the electric circuit diagram

on the right.

Emitter type b

In the present work, synthetic spodumene (LiAl%) has been chosen as the material

for the Li" ion emission. Thepodumene was prepared by a ssliake reaction, where a
stoichiometric mixture of CQOs, Al203 and SiQ (1:1:4) was ground in a planetary ball

mill and squeezed into a corundum tube. The mixture was heated to 1200 °C while
exposed to air for 24 hoursftar grinding, the sample was annealed at 1200 °C for 48
hours to obtain a homogeneous sample. The spodumene was suspended in isopropanol,
which acts as a solvent, and then dropped onto a central spot of 1 mm x 5 mm of a
molybdenum ribbon (effective dimansas: 1.0 mm x 20 mm x 0.05 mm). After drying at
atmosphere (evaporation of isopropanol), the ribbon was assembled onto a resistively
heated mount. This constitutes a filament type emitter. The preparation is finished by
brief heating the sample in a higacuum above the melting point in order to improve

the contact between the sample and filament (see figure 27). The actual emitter setup
consists of stainless steel support, which is equipped with two copper mounts to hold the
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filament in place. These coppmounts are electrically insulated from the support plate
by ceramic tubes. The emitter is heated by applying a current to the filament. The applied
heating voltage is floating on top of the filament voltagg)(Which is used to accelerate

the ions.

14(0...10) A €——\

U,p(0.5..5) V

—h

USB module H PC

Fig. 27: Pictures of the emittertype bis presented on the left, while the electric circuit diagram on
the right.

4.1.2 lon optics and sample holder

Here the focus will be given to the description of the electrostatic lens system, as well as
of the sample holder. In a general CAIT experiment, the ions are guided and focused
towards the sample via an ion optics consisting of a system of electrostats. &
continuous positively charged ion beam*(M K*, Rb" or Li*) is generated from
thermionic emission by heating the ion emitter material. The ion beam source is focused
directly towards the surface of the sample after the ions are repelled by a positive
potential, Uy, applied to a repeller lens. This voltage ultieiydefines the initial kinetic
energy of the ions in the laboratory frame. The repelled ions are then further accelerated
towards the sample via the abstraction lens. The voltage applied to the abstraction lens is
chosen in such a way that the field iarft of the emitter remains constant. The constant
field combined with the appropriate guiding through the electrostatic ion optics (see lens

system L1 to L6 in figure 25) guarantees a spatially homogeneous ion beam of constant
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intensity. Some of the lensare powered by electrical power sources that were built from
the electronic workshop of the department of chemistry in Marburg. With these power
soures, it is possible to provideheating current for the emitter of up to 10 Ampere and

a repeller voltag between 0 V and 200 V. Homeade high voltage power sources are
used for the abstraction lens AL and the lens L5, which provide an abstraction voltage
between 0 V aneB kV and a focusing voltage up to- 2/ kV respectively. After leaving

the ion opticthe ions pass through an aperture mounted in front of the sample and set to
ground potential. Both sides of the central opening of the aperture are covered with nickel
meshes (95% transmission), to guarantee a homogeneous field in front of the sample so
that the ions may move freely towards the sample surface withdemfed kinetic
energy. A mask is used to define the bombarded area of the sample. The diameter of the
mask is 4 mm. The ions impinging on the front surface of the sample lead to the formatio
of a surface potential and a surface particle density. Since the backside of the sample is
glued onto an electrode and that electrode is grounded, a potential and particle density
gradient toward the backside of the electrode arises. This induces thensport
through the sample due to the laws of electrodiffusion. lons reaching the backside
electrode are neutralized and give rise to neutralization current that is detected there. An
electrometer amplifier is used to measure the ion currents in the chmaneAmperes.

The detector consists of two components (OP in figure 25):-amppdifier Balzers EP

511 together with an amplifier Balzers QME 311 which can detect the ion current in the
range between 10Amp and 10t Amp. The amplifier is providedith a range switcher

which allows to chose for the more suitable rangedeftectionIn particular, with respect

to the measurements conducted within the thesis a range with detection limit of £ 10 nA
has been choseifhe currentis converted with a 12igit amalogto-digital converter

(A/D) leading to a resolution of the measured current of 4.95v&ntually the detected
current is pocessed in a personal computer. The temperature of the sample can be
controlled via a PIBcontroller (Eurotherm 3216) apled with a PTL00 and an home

made heating device. This system allows temperature dependent measurements in the
range 50 °G 250 °C. Finally, the set up is placed in a high vacuum chamber and all the
measurements are performed at a pressure value®fQ'Ombar so that the charged
particles can have a mean free path long enough to pass from the ion source to the sample
without being scattered. The vacuum chamber is anmagnetic stainless steel cylinder
constructed from stainless steel flanges thatsaaled with copper ring gaskets. A turbo
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molecular vacuum pump (Edwards, EXT75DX CF63) is connected at one end of the setup
which works in the region of molecular flow but cannot operate directly against
atmospheric pressure. In principle, the turboeunolar pump requires an initial pressure

of about 1¢f to 10° mbar and therefore, a dry and-fiée diaphragm pump (MVP 015)

is also used as backing pump. The vacuum pressure of the setup is measured by a cold
cathode ionization gauge and displayed vathontroller (Pfeiffer Vacuum TRG00).

Finally, the measurement data are recorded in the computer with the help of LabVIEW
(laboratory virtual instrument engineering workbench) software programs. LabVIEW is

a powerful software system that accommodates aequisition, instrument control, data
processing and data presentation, and can run on PC under Windows.
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4.2 Samples preparation

4.2.1 Substrates and polyelectrolyte multilayers preparation

Substrates construction

Within the research dhis study different types of substrates for the preparation of the
PEMs have been used. The type of substrate has been adjusted to the special requirements
of the sample preparation procedure and the desired CAIT an&M& measurements.

In the following sections, an overview over the different substrates used for the
preparation of the PEMs will be given. For a better visualization, a graphic 2D illustration

is provided below, while a more detailed description is given in the relevant subsection

In section 5.2 the results of the experiments conducted using the different substrates will

be presented, together with a discussion of the data.
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Table 1: A graphic representation of the different types of substrates used. On the left column a
cut-side view of the PEMcoated substrate; on the right column the same view but after mounting

the sample on the sample holder.
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Design |

Glass slides (producedprazisions Glas & OptilembH) of size 25 mm x 25 mm0.499

mm were used as precursor substrafég pieces of glass were first treated with a 20
seconddong plasma discharge to improve the cleaning status of the surface, #ten

nm chromium adhesion layer was sputteatedall around the glass slides, followed by

a gold layer of 300 nr{Sputter Coater ACE 600 from Leiceuch substrates represent

the support for the preparation of the membranes (see later for details in procedure). From
the PEMcoated samples, the back dateral sides of the coverage were removed by
means of sandpaper, in order to avoid any contact between the polymeric film lying on
top of the substrate and the copper plate below. The mounting of the samples occurred
via a double component resin (PT EC24. and PT EC 101; producer: Polytec PT). A

copper electrode was used as current collector in the sample holder.

Design |l

Stainless steel pieces of dimension 15 mm x 15 mm x 1 mm were used as the precursor
substrate, instead of glass. The coverage oedudirectly with a 300 nm thick layer of

gold. After functionalization with the PEM film, the substrates were partially polished as
already mentioned in the Design | and finally mounted on the copper electrode, using the

double component resin as the adefayer.

Design Il

This type of design appears to be identical to the design |, except that the glass has been
replaced by steel substrate. A 20 nm thick layer of chromium was sputtered, followed by
a 300 nm layer of gold. The samples were fixed tosdmaple holder via the double

component resin glue.

Design IV

The last construction differs from the Design [, Il and Il in the gold layer, which is no
more a sputtecoated coverage, but rather a massive gold foil (purity: 99.99%; producer:
HMW Hauner) ofdimension 8 mm x 8 mm x 0.5 mm. However, the same procedure
illustrated for the previous Designs has been applied to fasten the samples to the sample
holder.
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Polyelectrolyte multilayers formation

Sample materials

A 3 mg/mL solution of poly(allylamine hyrochloride) was used as cationic
polyelectrolyte and a 1.5 mg/mL solution ofsplfonatecalix[8]arene as anionic

counterpart (figure 28).

poly(allylamine hydrochloride)/
PAH

SOy

p-sulfonato-calix[8]arene/
calix8

Fig. 28: Representation of cationic polyelectrolyte (PAH) and anionic calixarene (calix8).

The gold layer (seesection above for details) was functionalized with 1mM 3
mercaptopropionic acid in ethanol. Water used in all experiments was prepared in a three
stage-QdbMpbufFki fication system$/cnh.o a conduct i\

Table 2: Building blocks for the preparation of PEMs.

Material Specific. Producer Linear formula
poly(allylamine hydrochlorideRAH) solution 3 Sigma [CH2CH(CH2NH2-HCI)]n
mg/mL Aldrich
ref 283223
p-sulfonatecalix[8]arene ¢alix8) solution 1.5  TCI America C56H48032S8-xH20
mg/mL Product:
[1489.48 S0471
3-mercaptopropionic acidPA) solution in Sigma HSCH2CH2CO2H
ethanol 1.218  Aldrich ref
g/mL M5801
Milli -Q water conduct [-]* H20
1 uS/cm

*Data not known
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Protocol

The first step (figure 29) in the preparation of polyelectrolyte membranes is the
functionalization of the gold layer with MPA. Gold substrates were first treated with a 20
seconddong plasma discharge to clean the substrate surface. The substratdsewere t
anionically functionalized by immersion for 24 hours in MPA, then rinsed with -Qilli

water and finally dried with a soft and continuous stream of nitrogen.

0]

75/\)k0 H

MPA
1. 24 hours
2. rinsing
3. drying

gold substrate
gold substrate

STEP 1

Fig. 29: Functionalization of the gold layer. The thiol group of the MPA binds to the gold stace,
while the carboxylate forms, after the loss of M a negatively charged layer, providing the basic

structure for the construction of the PEMs.

After preparing the MPAnodified gold substrates, the polyelectrochyteltilayers were
deposited. For that purpose, the second step in the preparation of the membranes was the
adsorption of the polyelectrolyte layers. To this aim, the dipping method first reported by
Decheret al. [149, 36, 60]was used. In figure 30 this process is schematically
represented: the functionalized gold substrates were dipped into a solution of PAH for 20
minutes, rinsed with milQ water to remove the excess of PAH and dried. The protocol
was repated by immersing the covered substrate into a calix8 solution for 20 minutes,
washed again with MiliQ water and dried. With these two steps, the first bilayer of PEM

has been formed. The entire protocol of dipping, rinsing and drying was repeated/as man

ti mes as wanted, | eading to sampl esnwith
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Fig. 30: The second step is based on the alternating adsorption of PAH and calix8.

Part of the functionalized samples has been prepared from Dr Btitas (AG
Biophotonik W.J. Parak) at the physic department of the University of Marburg, within a
collaboration project. A list of samples together with some specifications is given in table
3:

Table 3: List of samples produced within the study of this thesis.

Producer Protocol Sample type* Substrate desigr
JonadHuhn 161116 2x(3,6,9,12,15) I
JonadHuhn 170220 (1,3,6,9,12,15,20) I
JonasHuihn 170516 3x(3,6,9,12) & 4 x (15,20,30) |
JonasHihn 170814 3x(1,3,6,9,12,15,20,30) I
JonadHuhn 170814 4 x (15) 1l

Viviana Motta 180523 6 x (15) v

Viviana Motta 180913 6 x (15) v

Viviana Motta 180918 6 x (30) v

Viviana Motta 181108 6 x (30) v

*number of bilayers under brackets
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4.2.2 Mold compounds samples

The mold compounds (MCP) used for this study wexvided by Dr Stefan Schwab

from the faculty of Technical Chemistry of the University of Vienna, within a

collaboration project. In table the specific content, as well as themenclature, is

illustrated[11].
Table 4: Composition of the mold compounds.
Sample Supplier Epoxy ream Hardener Filler Flame retardant
MCP1 A Ortho cresol novolack Phenolic Si0, 80 wt% Metal(OHX
MCP2 A Multi aromatic Multi aromatic  Si0O, 88 wt% None
MCP3 B Ortho cresol novolack Phenolic Si0; 82 wt%  MetakOy
MCP4 B Ortho cresol novolack Phenolic Si0: 82 wt%  MetakOy

All the samples were provided in pieces of 10 x 10 x 0.5 mm and glued to a copper

electrode by using a silv@ontaining heatonducting gue (Polytech EC 101), as shown

in picture:

N

Fig. 31: Assembling of the mold compound sample onto a copper electrode via a heat conducting

glue.
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4.3 ToRSIMS conditions

The ToFSIMS measurements were acquired by means of a modifiedSTdE IV
(IONTOF GmbH Miunster). With regard to the mounting of the samples, two different
sample holders (figure 32) were used to holder samples with different height and shape:
a sample size of 18im x 13 mm x 10 mm must not be exceeded with the backmount,

while for larger samples the topmount appears to be more suitable.

o
>

» ©

[-]
@

Fig 32: Backmount holder (left) and topmount holder (right). Pictures taken from the instrument

manual.

Despite the wide rangaf sampletypes which the instrument can house, in general, the
samples must be flat and smooth and should never exceed a height of 20 mm; in addition,
the samples require certain vacuum stability since the measurements are performed under
reduced pressuiia the range 8 x 1®to 3 x 10° mbar. The sample holder is transferred

from the first chamber (pressure in the order of hfbar), to the main one via a lock
system, consisting of an intermediate chamber and a series of gates to separate the

differentrooms.

The measurements were carried out \@itldr 6 *Q(for higher carbon sensitivity)
as a primary ion irhigh current bunched modeith an energy of 25 keV and an ion
current of 0.5 pA 1 pA. The ion current was pulsed with a pulse width between 6.6 ns
and 9.3 ns. The sputtering species used werelhdthith an energy of 3 keV and an ion
current in the range of 140 nA40 nA andCs" with an energy of 3kV and ion current
between 18 nA 30 nA. To avoid positive charging of the sample surface during the
measurements, an electron gun with an energy of 20 eV was used. Before each depth
profiling analysis, 10 mass spectra were recorded for calibration: this procedure occurs
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by taking into accont fragments or peaks of species present in the samples. The depth
profiles are recorded after calibratiomion-interlaced modeunder the conditions of this

mode a consecutive measuring process takes place with.b s sputtering time and a
subsequet pause of 0.5 s after which mass spectra are recorded. It must be noted that the
sputtering crater is 308m x 300em, while the primary ion analysis beam only scans a
range of 10@m x 100em in the middle of the sputtering crater, in order to avoitecra

edge effects. Eventually, the evaluation of the data occurs with the program SurfacelLab
6.1 and 6.5 (IONTOF GmbH Mdunster).

4.4 Dektak

As profilometer, a Sloan Dektak3ST from Veeco Instruments was used to determine the
crater depth. The instrument®opide different levels of high resolution depending on the
thickness of the crater to be measured. In the measuring range of 65 kA, a resolution of
1A can be achieved, while at the measuring ranges of 655 kA and 1310 kA resolutions of
10A and 20A are achied. Assuming that craters formed via a IIMS analysis are

rarely deeper than 4m, then the best resolution for the samples studied in this work
could be achieved. Ultimately five measurements were taken to determine a realistic
average crater depthdit was assumed that the sputtering rate remained constant during

the entire ToFSIMS measurement.
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5 Results and discussion

5.1 MCP results and discussion

This section is divided into two parts. The first part (section 5.1.1) coniberesaluaon

of the ionic conductivity and activation energy related to the process of transport of
potassium ions through four types of mold compounds MCP1, MCP2, MCP3, MCP4 (see
section 4.2.2 for description). Iheé second part (section 5.1.B¢ diffusion of ptassium
through a mold compound of the type MCP3 has been investigated vias#n &oF

SIMS analysis, which revealed a depth diffusion profile of the potassium into the
material. Furthermore, a mathematical theory has been established in orderdteevalu
diffusion coefficient for the transport of potassium ion thorough the specific mold

compound and in order to suggest a model for the mechanism of the ion transport.

5.1.1 Conductivity measurements and activation energse

In the following section e steadystate backside current was investigated as a function

of the ion kinetic energy for different sample temperatures. First, an overview of the
detected ion currents for different repeller voltages is given. Then the activation energy
of the ion trasport is investigated by analyzing the temperature dependence of the

specific conductivity.

The backside currentztkhas been detected as a function of the kinetic ion energy
that is determined by the voltage applied to the repeller lensTberefore the time
characteristic of the backside current was recorded for each repeller voltage and
temperature. As an example, the characteristic fp=30 V and T = 170 °C is shown
below in figure 33. The increase of the current at about 15 s marks thefstaet
measurement. After some seconds of decaying current, the backside current reaches a
stationary state which yields the current value that has been used for the subsequent

analysis of the conductivity and the activation energy.
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Fig. 33: Time dependence of the backside current for aMCP1 sample at 30 V and 170 °C.

Within the experiments of this work, the backside current was measured for repeller
voltages between 5V and 30 V. In order to guarantee that the surface potential gquals U
everywhere, the corresponding blind current was chosen sufficiently large. Because a
homogeneous ion beam leads to the largest backside currents, the voltage applied to the
focus lenses has been adjusted such ghwatd maximized for each repeller voleagrhe

results of the measurements are shown in figure 34, where the backside current is depicted

for T = 150 °C, 155 °C, 160 °C, 165 °C and T = 170 °C as a function of the repeller
voltage.
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Fig. 34: Temperature dependent curreritvoltage characteristic ofthe sample MCP1.
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It is observed that the backside current gaists lay on a straight line for every

temperatur e

applied
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Therefore, the actual conductare= qdnacdqdJrp (equation36) can bederived via the

slope of a linear regression of the data points. Combining the conductance with the sample

thickness (0.5 mm) and the size of the bombarded area leads to a conductivity of

approximately 13 S/cm. In the table below, the valuestioé calculated conductance

and conductivity are listed for the different temperatures used in the experiment.

Table 5: values of conductanc& and conductivity & evaluated from the slope of the linear

regression of figure 34.

T(°C)
150 °C
155 °C
160 °C
165 °C
170 °C

Conductance G(S Comducti vi t

2.19E12
3.29E12
5.56E12
8.71E12
1.38E11

8.29E13
1.25E12
2.11E12
3.30E12
5.22E12

Similar conductivity values have been found in the literature for the sapeeatfymold

compound MCP112]. The here determined conductivity values agree with the values

givenin [12] within the error margins of the CAIT measuremdnt[12] the authors

affirm that the curent values measured at 150 &f@ in the range of the detection limit

of the measurement setup, verifying that the temperature has a large effect on ion

migration, especially when comparing the results found at 150 °C to teeonieved at

higher temperatures. This aspect is not surprising, considering the low ion concentration

and low ion mobility characteristic of the mold compounds. Ultimately all four samples

show a similar currentoltage characteristic such that only gléor the sample MCP1

are shown in this section (see appendix A for results of samples MCP2, MCP3 and

MCP4). From the conductivities, the activation energy for the transport can be calculated

via equation61:

Y Ao —
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5 Results and discussion

Wherellis the conductivityl is the preexponential factoks is the Boltzmann constant
andT is the temperature. Consequently, the slope of a linear regression of the data points

where In(iT) is plotted as a function of the inverse temperature, yitldsactivation

energy.
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Fig. 35: Temperature dependence of the specific conductivity for MCP1 sample.

The value of &tderived from the slope of the line@gression of figure 35is 1.54 + 0.03
eV. The conductivity measurements have been repesateeral times to check for the
reproducibility, leading to the conclusion that from the same type of mold compounds,
e.g. MCP1, slightly different values of conductivity, as well as activation energies, are
obtained. In figure 36 the temperature dependeoic the specific conductivity for
different measurements conducted on the mold compound of type MCP1 is presented:
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Fig. 36: Temperature dependence of the specific conductivity for different reproduction

measurements of the MCP1.

The activation errgly values evaluated from the linear regression of the curves are listed
in table 6:

Table 6: Activation energy values evaluated for the same type of mold compound MCP1.

Eact(eV)
REP 1 | 2.00 £ 0.0&V
REP Il | 1.83 £ 0.11eV
REP Il | 1.54 £ 0.0V
REPIV | 1.99 £ 0.05 eV

Previous literature dafa2] showed activation energy values of 1.5ieY.6 eV for mold
compound of the type MCP1. Itis necessary to emphasize that, ntt®nhgasurement
system used ifil2] differs from the CAIT approach, but a crucial point might be the
vacuum condition under which the CAIT method operates. It is not automatically known,
to which extend the vacuum may influence the possible evaporatiorterf eemtent or
other components out of the mold compouedding to a change in the ion conduction
properties. The last point could give moreover an explanation of the difference in the
conductivity and activation energies within the reproduction measuntsmin order to
verify whether the vacuum system may or may not influence the ion conductivity, an

experiment on a mold compound of the type MCP4 has been performed, where the sample
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was left into the measuring setup under vacuum conditions for fivecatnge days and
temperature dependent curreoltage characteristics have been measured each day of

permanency in vacuum. The results are shown in figure 37:

_21 1 1 1 1 1 1 1 1 1 1

= day 1 E.=1.697 £ 0.099 eV

® day 2 E.=1.871+0.096 eV
day 3

A day 4 E.=1.758 £ 0.169 eV
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Fig. 37: Temperature dependence of the specific conductivity for an MCP4 measured daily for 5

days while permanency under vacuum conditions.

A dropping on the conductivity can be seen as a result of this analysis, while the activation
energies values continue to vary within a certain error margimeraw average value of
1.82eV. However, this malysis is limited in the fact that it does not prove whether the
reduction in the conductivity is due to the vacuum solely, or whether the daily variation

of the temperature from 150 °C to 170 °C and back again to 150 °C has somehow induced
changes in thenaterial such that the ion conduction properties have changed in turn. To
shed further light onto possible changes in the materiakethdts of an extra analysis

will be presented subsequently. Some of the samples have been treated with heat, in order
to see whether that would have caused modification on the conductivity or on the
activation energy values. The heating process consisted of heating the substrate inside an
ambient pressure oven from 130 °C up to 250 °C in steps of 5 °C every 5 minfes. Be
treating the mold compound with high temperature, conductivity and activation energy
values have been measured via CAIT. Right after the thermal treatment of the sample, a
new CAIT analysis has been performed. Surprisingly very low backside curscoeéa
detected, being close to the detection limit of the detector. For that reason, no temperature

dependent curremoltage characteristic could be determined. From the literature, it is
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already known that, due to the heterogeneous composition ofitki®kmaterials, the
mechanical properties of polymer encapsulating compounds, e.g. mold compounds,
change considerably when packages are exposed to elevated temperatures for a long time.
Whilst it is generally agreed that after prolonged exposure to teigiperatures the
polymer chains would break doytb0], resulting in a lower glass transition temperature

and a lower modulus, however, in literature also studies which show an increase in the
glass transition temperature damfound151]. In a study of the 2010 Jansetral.[152]

reported the change in viscoelastic properties of a commercial mold compound which
was stored at 175°C for a period of 4 weeks. The study shows that instead of the expected
degradation, the modulus and the glass transition temperature increased aeffetisse

are accompanied by a relatively large amount of shrinkage. All effects can be interpreted
in terms of the formation of an oxidized layer where extra crosslinking occurred.
Therefore, thelrop out of the ionic current measured after thermal tredfrmenld be
explained assuming a changehe inner structure of the material which lowered the ion
mobility inside the sample. In the frame of product life and reliability, this last observable
rises the question of whether mold compound materials restalsle under high
temperature conditions. Nowadays indeed electronic packages are also used in
automotive applications where they are mounted close to the engine under exposure to
temperatures of 200 °C or more.

In the final part of the study regardingnductivity and activation energy values
of the mold compounds, a comparison of the data obtained by means of two different
techniques is presented: from the one hand the CAIT method and from the other hand the
electrochemical impedance spectrosc@phs) technique conducted from Dr. Schwab at

the chemistry department of the University of Vienna (data allowed from the owner).
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Fig. 38: Temperature dependence of the specific conductivity. Data according to EIS and CAIT
methods forsamples MCP1 (a), MCP2 (b) and MCP3 (c).

The graphs in figure 38 show that the results achieved with the two different methods are
in good agreement, although EIS results measured at temperatures below 170 °C could
not be evaluated since the impedanceseged the limit of the EIS analyzer. In the table

below the values of the corresponding activation energies are listed:

Table 7: evaluated activation energies from the slope of the linear regression of curves of fig. 38.

Eax(€V) CAIT Eact(eV) EIS
MCP1 | 1.36£0.06eV  2.00%0.08eV
MCP2 | 1.26+£0.02eV  1.45+0.02eV
MCP3 | 1.59+0.01eV  1.37+0.03eV

*data for MCP4 not available

*Eact CAIT values are averaged values over four measuremet
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5.1.2 Diffusion of potassium through MCP3 andhumerical simulations

For a better understanding of the potassium diffusion process into the mold compound,
19 dayslong bombardment onto an MCP3 with a potassium ion beam has been
performed. The kinetic energy of the potassium beam was set to be 19 WMeand
temperature was 170 °C throughout the experim&nthe end of the experiment, a
circular area of 4 mm as diameter was bombarded and a charge of 0.025 mC was
incorporated into the material. The registration of a concentration depth profile was
possilbe via an exsitu TORSIMS analysis. The analysis occurred in positive mode, thus
concentration profiles of only positive ions are shown belomFigure39 the result of

the TOFSIMS analysis is presented.
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Fig. 39: TOR-SIMS of the MCP3 sample bombardedvith a K*ion beam of kinetic energy of 19 V.

Signal: black squares for**K * (bombarder ion), blue crosses for SiO(representative of the MCP).

The black squares show tH&* signal which is representative for the potassium diffusion

into the mold compund. The blue crossder SiO" are representative of the main
component of the MCP3, i.e. Si’he Dektak 3ST instrumeritas been used in order to
transform the sputter time into a sputter depth, by measuring the height of Hs#M8F

crater formed as@sult of the depth profilingAssigning the total sputter time to the total
crater depth and assuming a constant sputter rate allows determining a real space depth

axis. The first 15 nm of the profile are difficult to interpret since the detection plibbab
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in the ToFSIMs may vary in this regimd=xcept for the first 15 nm, a depth diffusion
profile of the potassium through the first 350 nm of the sample can be seen in figure 39.

In order to identify migrated ions which were present into the nadtaiready prior to
the bombardment, othiams species besides & * were inspected. Assuming that most
of the migrated ions into the mold compounds are alkali metal and hgldsfgntraces
of the most meaningful specie®re investigated. For simplicity reasons, the tefrwvil
refer to®°K* along the entire section. The depth profiles féy Na', F*, SiO", SiF" and

SiCI" are depicted in figure 40 in a linear and logarithmic scale.
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Fig. 40: TOR-SIMS of the MCP3 sampé bombarded with a K ion beam of kinetic energy of 19 V.
Left: K*, Na*, F*, SiO*, SiF and SiCI" depth profile in linear scale. Right: same depth profiles in
logarithmic scale.

In figure 40 signals for Kand SiO are shown for comparison reasons baythave been
already discussed in figure 39. The interpretation of the traces of figure 40 is not univocal
in the first 15 nn 20 nm. As already mentioned indeed degection probabilities in the
ToFSIMS could vary in that regime. The Nsignal (red tiangles) does not represent a
diffusion profile, it rather assumes a flat and constant trend over the depth. The same is
not true for the Fand SiF signals. On the left plot of figure 40, it can be seen that the
SiF" signal (green ellipses) resembles stiow the K signal (black squares). The F
signal (dark green stars) assumes the same tendency of th&tEr depicted in the

right plot of figure 40). The intensity of thé Fesults to be two orders of magnitude lower
than the one of the SiFThe last observable does not surprise considering that the

measurement has been conducted in positive mode, although very likely the fluorine is
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present as Fn the mold compound and it is extremely sensitive in negative mode rather
than in positive moel For the same reasons, any €ignal could be detected in positive
mode, although it could have been reasonable to investigate its trace. Despite that, SiCl
signal has been investigated and the pink triangles show a trend which is similar to the
one ofthe SiF and F. The analysis of the traces of figure 40 does not allow however to
conclude whether the trend of thg BiF" and SiCt signals is due to a diffusion of the
species toward the front side caused from the bombardment, or whether theyecorrela
with the inner structure of the mold compound. If this latter is the case, it is not clear from
the analysis of figure 40, whether the trend of theS#+ and SiCt signals is the result

of a change in the inner structure of the material due to tmb&@ment. In a study of

the 2017 Heiret al. [154] realized that the detection probabilities of some structured
related species may change when the structure of the sample is modified due to the
introduction of charge carriefsom an external source. In order to confirm or exclude
any change in the local structwethe mold compound due to the bombardment, a ToF
SIMS analysis onto a fresh and #immbarded sample of the type MCP3 has been
conducted. The result of this anasyss presented below. The plots of figure 41 show
intensity signals of K Na', F", SiF" and SiCf in a linear and logarithmic scale for an
untreated sample MCP3.

[a.u.]
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Fig. 41: ToFSIMS of the fresh MCP3. Left: K*, Na*, F*, SiO*, SiF" and SiCI* depth profile in linear

scale. Right: same depth profiles in logarithmic scale.

In the plot on the left of figure 41, Nand K’ signals show a very similar trend and both
can be considered as related to the content of sodium and potassium ions inside the mold
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compound. The intensity level of the Nsignal in figure 41 does not seem to differ
significantly from the intensity level of the Naf figure 40. The same is not true for the

K*. A comparison between the intensity level of thedf figure 40 and 41 giws a
difference of more than two orders of magnitude, which reflects the incorporation of
potassium ions due to the bombardment. From the right plot of figure 41, a better
visualization of the F;, SiF" and SiCf signals is possible. It is clear how thé&Sand F

signals differ from the ones of figure 40 in the intensity level: both &l F signal

show a dropping in the intensity level of two orders of magnitude. Furthermore, none of
the two seems to show a migration profile as the one they assuffingar&40, instead,

the intensity level of both SiFand F remains almost constant along the 150 nm of the
analyzed fresh sample. The Si®©fF figure 41 does not show any significant difference
from the one of figure 40 with respect to the intensityllevbereas the diffusion profile
shownfrom the SiCt in figure 40 seems to be less pronounced or even absent in figure
41. From the comparison between the depth profiles of figure 40 and the ones of figures
41, it seems reasonable to exclude the hypattesa structural change in the material
due to the bombardment. If it was the case, the*Sighal would differ in the intensity

level between the two cases, i.e. from the bombarded to tHeondiarded case, as it
happens for the SiFsignals. Thus théhesis suggested before, of a possible diffusion
process of halogen ions toward the front side of the sample appears to be more reasonable.
Considering that the mold compound is an electron conductor (and to a lesser extent an
F and Clas well) the fdlowing explanation can be suggested: when cations are attached
to the front of the sample, the surface is transiently electrically charged; this is
immediately compensated by the transport of charge carriers in the material,ie.g. F
addition to electrns. Within the frame of this idea, the depth profiles for* SH* and

SiCI" signal can be interpreted as caused frodiffasion toward the front sideshich

occurred inside the sample and which was triggered from the bombardment.
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Numerical simulations

Turning back to the question of the potassium concentration profile, from this point a
more detailed analysis of the diffusion of potassium through the analyzed MCP3 sample
will be discussedAccording to equation 9sée section 2.3.1) a plof the natural
logarithm of the concentration versus the squared depth is linear if bulk diffusion is the
dominating diffusion process. The slope of such a linear relation edqu@®t). From
the slope and the diffusion time, a first approximation diffuscoefficientD for the

transportcan be estimated.
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Fig. 42: plot of the logarithm of the3°K * signal versus the squared depth.

From the graph of figure 42, it is to notittee presence of two slops and then typper

limiting values of diffusion coeitients associated, leading to the conclusion that the
concentration profile cannot be rationalized by assuming a bulk diffusion solely. This
raises the question of whether two different transport pathways may be operative. In order
to answer this question and get additional information on the mechanismsgdraof
potassium ions into the mold compouraaluation of 2D chemical maps collected
during the ToFSIMS analysis has been conducted. In figure 43 and 44 below pictures
derived from the 2D analysis for SiQC" (figure 43a and 43b) and K (figure 44 are

shown These kind of pictures, named chemical maps, are the top view of the relevant

signal integrated into thedirection. A better description is provided subsequently.
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Fig. 43: Chemical maps for SiO (a) and C" ion signal (b), i.e. a top view of the signals integrated

into the z-direction.

The pictures derived from the 2D analysis employ false color coding, which is indicated
next to each graph. It must be emphasized that the colors do not imply an absolute
intensity since the ToSIMS technique is much more sensitive to potassium and silicon
for example than to carbon. The comparison between the picttae@ad8d 43b above,
reveals a complementarity of colors between*Sa@d C signal, which reflects the
compgsition of the mold compound. The composition of the MCP3 consists indeed in
82% of SiQ and a mixture of epoxy resin, hardener and flame retardant (see Table I). In
picture 43a there are zones of accumulation of the inorganic component (orange/dark
orangeregions) which tend to assume a circular form. Since the 2D chemical map is
actually the result of the integration of the signal over the depth, it is reasonable to refer
to these circular areas as i gregpotassnoion Her e

signal is shown

100t

Fig. 44: Top view of the K" signal (c) integrated in the zdirection.
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A more detailed analysis of the picture in figure 44 shows an accumulation of potassium

in small circular spots placed next to the inorganic grains (for a besiealization

compare figure 44 with 48), in a kind of complementary way. While the rest of the
potassium seems to be present all over the surface except for the spot occupied from the
carbon component of the mold compound (blieet spot in figure 4% Considering

these observables, it could be said that part of the potassium diffuses along the boundaries
of the inorganic grains, the rest diffuses through the bulk, i.e. through the grains, whereas
no potassium passes through the organic componethis wfold compound. If this is the
case, then two diffusion modes seem to be
one hand and fAbul k diffusiond on the other
to a preferential diffusion of the potas® through the inorganic component of the mold
compound. In order to shed further light on th different transport pathway8D

visualizations of the potassium concentration profile are presented below:
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Fig. 45: 3D images of potassium. Left: whol8D cuboid visualization. Right: same 3D cuboid with a

cut of the 10% along the zdirection.

The two axes alongside the sample surface are denotedaad yaxis, while the axis
perpendicular to the surface is thexs. The plots derived from the 3Dadysis employ

the same false color coding used for the representation of the 2D chemical maps (figure
43 and 44). Figure 45 on the left differs from the one on the right in that here the 10% of
the volume rendering from the upper side of thtérection ha been cut, in order to give

a better visualization on the potassium diffusion pathways. It is worth noting how the
diffusion along the grain boundaries brings to a deeper penetration depth, rather than the

one through the bulk. In other words, the diftusalong the grain boundaries seems to
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be faster than the bulk diffusion, being in good agreement with the literature regarding
bulk vs grain boundaries diffusiori71]. The presence of grains within the mold
compounds has been iddted from ascanning electron microscogf$sEM) analysis
performed onto a fresh and ro¢ated sample of MCP3. In figure 46 a SEityre of a

fresh MCP3 is showrThe analysis has been conducted by Dr Noll (AG Hampp) at the

chemistrydepartment of th&niversity of Marburg.

Fig. 46: SEM image of aMICP3 fresh film.

Figure 46 shows a SEM image acquired in backscattered electron mode (BSE), where a
typical structure with spherical silica is visible (see circular light grey spots in figure 46).
The sphegal silica fillers usually have a multimodal particle size distribution to allow

for high filler loadings and achieve very high packing densities. The result of the SEM
analysis is the evidence that the material is a composite of organic and inorganic
compunds clustered in graind/oreover, there are grains with different diameter,
between which grains with a dimension of 50 microns as diameter are visible, being this

last observable consistent with the result of the analysis of figuae 43

Under thisevidence, any theoretical model needsik@ into account the diffusion
alongside grain boundaries as well as the diffusion through the bulk of the material. ToF
SIMS data show that grains and grain boundaries are present even at the surface, such
that he ions from the ion beam may well enter the grain boundaries directly from the
surface without first passing through the bulk of the mateFiag first assumption in
order to develop a modeltisat the transfer of ions from the bulk into the grain bampd
as well as vice versa, is connected with passing a significant energy barrier such that ions

that are moving alongside a grain boundary remain between the grains, while ions that
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are diffusion through the bulk are remaining in their grains. TherdfeéJernstlanck

equation could be written as follows:

0 o0 — & —— (62)

wherel is the ion flux density which depends on the diffusion coeffidigrthe gradient

of the ion densityr and the gradient of the electric potentiallhe elementary charge is
eandksTi s Bol tzmannds constant wrefersdsionsime t em
bulk (n = B) and ions in grain boundaries £ GB) which are treated independently of

each othem the NernstPlanck equation. There is no transfer of population from bulk to

the grain boundary and vice versa reflecting the assumption that the ions may not pass

the material boundaries. Nevertheless, the movement of the two types of ions is yet
couplal as ions positioned between the grains and ions inside the bulk of the grains
contribute to the electric field via their charge. The electric potential that is given by a

certain ion distribution can be determined using the Poisson equation:

- - — Q¢ € (63)

The boundary conditions for the electric field are essentially given by the experimental
setup where the potentials forced to zero at the backside electrode and the potential at
the frontside of the sampls implicitly given by the ion density arriving at the sample
surface. It is assumed that the dielectric functenis space and concentration

i ndependent . Eventually, the ion transport

—¢& — (64)
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According to the numerical procedure used for the theoretical model, the ions are
deposited at the frontsid®f the sample and enter either the bulk of a grain or a grain
boundary. In the calculations, it is assumed that 80 % of the incoming ions enter a grain
boundary. The iopopulation gives rise to an electric field which needs to be calculated.
Therefore, quation 63 is linearized and iteratively solved until the electric potential
corresponds to the charge carrier distribution inside the sample. Then the ion flux is
calculated according to equatié2 and charge carriers are shifted inside the material
accading to equatior®4. Eventually the modified charge carrier distribution influences

the electric potential which needs to be adjusted such that the procedure starts again.
Thanks to the theoretical model described above, a fit of the experimentaledatbihie
potassium concentration profile of figure 39, with numerical data have been performed.

The result of this analysis is shown in figure 47 below.
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Fig. 47: lon densityvsdepth from experimental data (black), simulated mixed pathway diffusion

(red), simulated sole bulk diffusion (green) and simulated sole grain boundary diffusion (blue).

In Figure 47 the red line is the sum up of the two contributions, which are shown as blue
(simulated sole grain boundary diffusjand green dotsimulated soléulk diffusion)
The two coefficients associated with the corresponding pathways are presented as well.
The highest value of D is associated with the diffusion along the grain boundaries since
is usually faster than the bulk diffusion, as already mendigmeviously[155]. A good
fit is achieved using diffusion coefficients 0B 1.8 x 10**cm? st and yc= 5.4 x 10

20 cn?st for bulk and grain boundary diffusion, respectively.
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5.2 Polyelectrolyte multilayers results andliscussion

As already described in section 4.2.1 (7
preparationo), di fferent types of substra
used within the research of this study. The type of substrate has besteddgpithe

special requirements of the sample preparation procedure and the desired CAIT-and ToF
SIMS measurements. In the following sections, the results of the experiments conducted
using the different substrates will be presented, together with asdisnwof the data. A

multi-level analysis will show:

0 CAIT analysis on the Design |, whose resulting data turned out to be dominated
by the influence of thepecific substrate usedgithe glass D263T (see section
4.2.1 for details on the Design I);

0 qualtatively comparisons of ToBIMS depth profiles of (PAH/calix8
bombarded with a potassium homogeneous ion beam for different bombarding
time (in section 5.2.2 Design Il and 5.2.3 Ill);

U qualitative and quantitative studies on the transport §fKi and Rb" through
(PAH/calix8)o (abbreviated as M@ (PAH/calix8%, with M = Li",K* and Rb).

This final level of analysis will provide a theoretical model draded on the
Nernst Planck Poisson theory, that yields quantitative understanding of the
transpot process of Mthrough a calix&ased membrane (in section 5.2.4 Design
V).

5.2.1 Design | : ¢ass/Cr/Au/PEMs system

As already anticipated in the first point of the section 5.2, in this section the results of this
study will be discussed with the aim to give the readezxample of how meaningful

could be the choice of a suitable construction design for performingregmeal analysis

of membranes such as polyelectrolyte multilayers. The original purpose of this study was
indeed the investigation of the conductancéR¥H/calix8) with the variation of the
number of bilayers. However, from results of ttesnperature €bendence of the
conductance, a value attivation energy %&: has been derived which turned out to be

not consistent with the expected one on the basis of previous literature data. In particular,
all the data lent support to the conclusion thagtaesresistancgnstead of the resistance

of thePEMs,has been measured during the experiments
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Conductance measurements and activation energy

In this section details about the experiments conducted, as well as the discussion of the
conductanceneasurementsilwbe presented. For clarity reasons in all the plots shown,

the caption wunder the figures wild.l repor

substrateo. At the end of the secttiaeen, a
the eperimental data back to the influence of the gkdsstrate system illv be
presentedThe CAIT experimental setup previousliystrated §ection 3.1 and a home

made potassium ion emitter dfpe a(section 4.1.1were usedor the conductance
measurenm@s. The backside current is investigated as a function of the initial ion kinetic
energy, i.e. the applied repeller voltage,. Films of (PAH/calix8) with different
numbers of bilayers n (n from 1 to 30) in a temperature range of temperature of 70 °C
80 °C were investigated. The ion current has been detected at the backside electrode as a
function of the repeller voltage which was varied from 2 V to 10 V, in steps of 1 V. The
ion current arriving at the sample position has been detected in a refesgreriment

where the sample was replaced by a copper plate. The reference current wa®dhosen
nA during the entire experiment, sufficiently large to guarantee that the surface potential
reaches the repeller potential everywhere, thus ensuring a hoewagesurface potential.
Figure 48 showshe result of curreiitoltage characteristic for (PAH/calixg) at
different T(°C) from 70 °C to 80 °C in steps of 2 °C.
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Fig. 48: Current-voltage characteristic of a (PAH/calix8)under the influence of thesubstrate.
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5 Results and disssion

Conduction characteristic obeying Oh mo s
conductanceés for each temperature can be determined directly from the slope of the

current voltage curvesising the equation (43):

@)
’~<<| G

(43)

It is observed that the conductance increases with increasing temperature, in particular:
raising the temperature by 2 °C from 70 °C to 72 °C, correlates with increasing the
conductance by a factor of 20 percent from 8.34 *?19 to 1.01 x 18 S. The
tenmperature dependence of the ionic conductance is depicted in 4igwikereln(GT)

is plotted as a function of the inverse temperature
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Fig. 49: Temperature dependence of the ionic conductander (PAH/calix8)sounder the influence of

the substrate A value of activation energy of 1.025 eV + 0.04 eV has been calculated from the slope.

The value of &t has been derived from the slope of the linear regression of figure 49,

according tahe eq. §1) in section 5.1, leading a value oEat= 1.03eV + 0.04 eV.

In order to determine the conductance of (PAH/calix® a function of the
number of bilayers, samples with n = 1, 3, 6, 9, 12, 15, 20, 30 bilayers have been

bombarded with a spatially homogeneous potassium ion beam using voltages between 2
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V and 10 V and a temperaturange from 70C to 80 °C (see Appendix B for relevant

currentvoltage characteristic curves). In figures 50 summary plots of the measurements

In(GT) / [SK]

are shown:
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Fig. 50: Representation of the conductanc® vs.the number of bilayers (left) and temperature

dependence of theonductance (right) under the influence of the substrate.

The calculated activation energies are summarized in figure 51:

activation energy / [eV]
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Fig. 51: Eactof (PAH/calix8)nwith n =1, 3, 6, 9, 12, 15, 20, 30 under the influence of the substrate.

The conductance values shoimrfigure 50 barely vary from 3 to 30 bilayers, only for 1

bilayer a higher value can be seen. This observable does not seem to be in agreement with

the CAIT theorydescribedn section 31, according to which the conductance should

scale inversely with the thickness of the sample, how is e.g. observed for ion conducting
glasseg$2, 120] In the frame of the CAIT theorydeed, a purely ohmic conductor with
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homogenous charge carrier density and homogenous diffusion coefficient would exhibit
a neutralization current according to the relation (equatrsection 2.3):

. 20 2000
O 55 (35

whereZ is the charge of the iom,is the elementary chargh,is the bombarded areB,

is the temperature dependent diffusion constarthe number density of the charge
carriers inside the filml,. is the thickness of the PEM miudtyer (which depends on the
number of bilayer n),kis the Boltzmann constant afidhe temperature.

In a recent work ofWespet al.[7], the dependence of the ionic conductance of
(PAH/PSS)x films on the number of bilayers has been investigated by means of the CAIT
method. In their work, it has been found a variation of the detected neutralization current
with the repeller voltage simildo the variation adapted from the PEMs under analysis
in the work of this thesis, i.e. an ohmic behavior has been seen, where the current scales
linearly with the acceleration voltage of the ion beam. Despite this similarity, in their
work Wespet al. found that the conductance of (PAH/PS@ltilayers system (with x
=1,2,4,6,8, 10, 12, 14, 16, 18 bilayers) varies with the number of bilayers, contrary to
the result of the study of this thesis (displayed in figure 50). In particular, Wesp et al.
found that the conductance of their film varies froanotonically with the number of
bilayers. Between 2 and 8 bilayers, the conductance is observed to increase exponentially
with the number of bilayers, showing a maximum for x = 8. For more than 8 bilthers,
conductance decreases with a 1/x functioragmeement with equatior8g). On the
contrary, As already pointed out, the conductancéR@iH/calix8), does not vary with
the number of bilayers from 3 to 30 bilayers. The only observable which is in gommo
between the two studies is the experimental conductance for the single bilayer, which is
found to be higher than the predicted one in both systems. As an explanation, they claim
that the conductance of the single bilayer may well be strongly influenctde kxlose
neighborhood to the substrate and most likely the structural characteristic of the single

bilayer differs from the multilayers.
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5 Results and discussion

In order to better understand why the trend of the conductan{@Aeét/calix8h
with the number of bilayers doestrfollow the theoretical description (equati8B), a
further discussion seems to be appropriate. Subsequently, a series of ideas as possible
explanations will be considered. According to the literature, PEM films may show a
variation in their fundamentabnduction behavior when a certain number of bilayers is
overcome. Wesp et al., for instance, found a fundamental change in the conduction
behavior between 6 and 8 bilayers. In general, in literature, there have been different
attempts to explain the changf properties for a certain number of bilayers and most of
them account for a nelmomogeneous growth of the multilayers. In section 2.1 of this
thesis, two models were presented, i.e.lthdam Modelnd theCapillary Membrane
Model (CMM).From the one &nd,Ladamet al introduced a threeone model, where
an approximately 6 bilayers thick zone | is determined by the vicinity of the substrate.
There, the substrate influences the PEM properties. Zone |l represents the bulk of the
sample while the sample in zone Il igluienced by the solution environment. From the
other hand, the capillary membrane model, introduced by 8ileh, assumes that the
coverage of the layers is not complete at the early stage of the multilayer growth process.
Uncovered spots remain througthich the transport is favored. The more layers are
added, the less important the spots become. Beyond about 10 layers, the membranes
behave like a homogeneous material. Besides these two models, it is known that the
growth of PEM multilayers occurs nditomogeneously, i.e. the first layers are thinner
than the layers deposited consecutij@f6, 157, 158, 159] Thus, from a conceptual
point of view, the trend of the conductance for (PAH/calix&mlranes with the number
of bilayers could be traced back to structural changes of the membrane which occur
during the growth process of the film. Although this last point may represent a possible
explanation, however, it seems to be unrealistic that a werigt the inner structure of
the film with the number of bilayers is able to compensate any variation in the measured
conductance, such that the latter is observed to maintain a constant trend over a range 3
to 30 bilayers. To put it another way, the ttei the conductance f@PAH/calix8), with
the number of bilayers cannot be understood from the physical justification of the
variation of properties within the growth process of the PEMs. If this is the case, then a
different idea which could explain thesults of figure 50, is required: under the
assumption that the system investigated could have been influenced from external
conditions, a more detailed analysis on the design and the construction of the sample
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appears to be appropriate. It isémembethat in the Design | (gss/Cr/Au/PEMS) the
sputtered chromium layer acts as coverage in order to isolate the glass support to the rest
of the system, while the gold layer is needed for the growth of the FEeNtse mounting

the so constructed samples.idass/Cr/Au/PEMsonto the cupper electrodae back and

lateral sides of thdu/PEMs coveragewere removed by means of sandpaper, in order to
avoid any contact between the polymeric film lying on top of the substrate and the copper
plate below (seeestion4.2.1fSubstrates and polyelectrolyte multilayers preparationf o r
graphical illustration). Under the hypothesis that the treatment with the sandpaper scratched
away thdateralchromium coverage as well, thére entire system would have actedfas

was made bywo resistancein series, as illustrated in figu below:

— — T3Sk

—— PEM I S

— gold

. ]
chromium

glass

R —
adhesive
copper plate

Fig. 52 lllustration of the construction Design | in the case of a desired final system (left) and an

undesiredscratching of the lateal coverage of chromium(right).

In favor of such idea, it is worth noting that the values of activatizergies showm

figure 51 are very similar to the one reported from the literdfié@] of 0.98 eV for the
technical D263T glass. The latter is indeed the same type of glass used as support
substrate in the experiments conducted within this thesis. Under this evidence, it seems
as if theglass resistance instead of the resistance of the sdraplbeen measured during

the experimentdn conclusion,tiis clear from these considerations that the design | was
not the most suitablenein order to investigate the conductance of such membranes,
hence a different kind of approach has been chasga @aew substrate design has taken

into account.
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5.2.2 Design Il : seel/Au/PEMs system

The design Il involves the use of steel instead of glass as support substrate. The pictures
below show the gold layer right after the sputter coating process (BGaeand after

the functionalization with PEMs (figurg3-b). The last picture instead shows the same
sample but subjected to a peeling off phenomenon (fisBHa, which occurred at room

temperature and ambient pressure in a timescale of few days.

a

Fig. 53: Top view of a fresh goldsputtered steel substrate (a), a PEMunctionalized sample (b) and

the same sample after some days into storage (c).

A possible explanation to this phenomenon could rely on the fadh#haputtered gold

layer did not stick onto the steel firmly. For that, a slightly different design of the
substrates has been thought, where a 20 nm thick chromium layer has been sputtered in
between steel and gold layer. Due to the better adhesivatyagfahe chromium on steel

and of the gold on chromium, the new substrates resulted to be permanently stable. The

results of the experiments conducted on these new samples are shown in the next section.

5.2.3Design Il : steel/Cr/Au/PEMs system

lon canductance studies by means of the CAIT technique have been conducted as first
experiment. Figur&4 shows the result of clent voltage characteristic fd?PAH/calix8
with 9 bilayers from 70 °C to 100 °C.
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Fig. 54: Currenti voltage characteristic for (PAH/@lix8)sat a temperature range from 70 °C to 100

°C. Black stars rely on the input current measured in the same range of voltages.

In The plot of figure54 the black empty starts show the current measured on a copper
plate in order to detect the input eemt which arrives at the sample surface position. The

full symbols in figures4 show instead the result of another measurement were the copper
plate has been replacedth a (PAH/calix8p sample andcurrentvoltage curves for
different temperatures of the sample have been registered. It is worth noting that for both
measurements (with the copper plate and with the real sample) the heating current chosen
in order to heat the emitter till a certain temperatuas the same, i.e. 5800 mA. From

the comparison between the measurement of the input current and the measurement for
the sample, it is clear that all the impinging ions arriving at the surface of the real sample
are detected at the back of the membransinflar current indeed has been detected in
both measurements. To be precise the current measured in the input experiment has a
slightly lower intensity. This does not surprise since the two measurements were not
conducted consecutively, but the entiretegshas been shut down in order to replace the
copper plate with th@PAH/calix8p sample. It is very often observed indeed that between
different CAIT experiments, even using the same heating current for the emitter and the
same set of voltages for then&es, the input current could slightly vadmother
observable of figur&4is that thecurrentvoltage curves for different sample temperature
show no correlation between the measured backside current with the variation of the

temperature. The observabldescribed up to now led to the conclusion that the sample

99



5 Results and discussion

does not seem to show any resistance. In order to confirm that all the impinging ions
arriving at the surface of the real sample are detectibe &lackside, the measure shown

in figure 54 condudted at 100 °(has been repeated increasing the emitter temperature by

raising the heating current for the ion beam from 5800 mA to 6200 mA. The result of this

experiment is presented in figuse.
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Fig. 55: Current 1 voltage characteristc for (PAH/calix8)qin a temperature range from 70 °C
to 100 °C. Pink triangles rely on the measured backside corresponding to an ion beam with
heating current of 6200 mA instead of 5800 mA.

As a result of this measurement (see pink triangles in figh)re¢he increase ithe input

current is reflected in the change of the detected backside current. All these observables
bring to the conclusion that the surface potential of the sample remained well below the
repeller voltage applied, implying a very high sample condugtiVitirning back to the

theory illustragd in section 2.3,3his means that:

0 0 and n Y (28)
which corresponds to the case a) described ithénaretical section 2.3.

In severalpublications DC conductivities of PEMs have been reported ranging
from 101% Scni! to 10° Scni! [161, 162, 163, 164]Studies of the conductivities of
PEM started with the work of Durstock and Rubfi1]: they investigated films of
PSSPAH or PAAIPAH, respectively, where PAA denotes poly(acrylic acid), PSS is
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poly(styrene sulfonate sodium salt), and PAH is poly(allylamine hydrochloride). They
found DC conductivitiesfla, in the range of 16? Scrmi?! to 107 Scni?, where the
maximum of 107 Scmi! was achieved only at strong hydration. Further studies of
conductivities in polyelectrolyte multilayers suggested the PEMs as potential ion
conductive materials for battery appliceis [162, 163] employing poly(2acrylamide
2-methyl1-propansulfonic acid) (PAMPS) as a polyanion, at high humidity a value of
the DC conductivity oflac & '® 8cni! was achieved, which is already in a realistic
range for applications. Different polyelectrolyte pairs tested for their conductivity already
involved polymers known as ion conductors, such as: Nafion as an established proton
conductof{162], poly(ethylene oxide) (PEO) as a classical polymer electrfil$e], or
polyphosphazenes as polymer electrolyféé4, 165] A major problem in the
interpretation of conductiwtis the lack of knowledge about the composition of the films.

It is well known indeed that PEMs are materials of unknown stoichiometry. In a study of
the 2008 Arguret al.reported the highest ionic conductivity ever obtained from adayer
by-layer assemkeld thin film, i.e. 3.5 x 18 S cm' at 98% relative humidity and 25 °C.

This value is of three orders of magnitude higher than the one reported in the best
conducting system up to this point and it is already of the same order of magnitude as
commercialy relevant membranes such as Nafion. However, it is true that the PEMs
prepared within this the study of this thesis should be free from water, and for that their
conductivity should not be influenced by the humidity content. It must be remembered
indeed,that one of the preparation steps of the was drying the film with inert nitrogen

after each absorption step.

It is known from the literature that the PEMs layer thickness can be tuned in the
nm to em range and that a low film thickness yields low overaflistance and fast
loading. In order to gain info regarding the thickness of the (PAH/califi)s,
ellipsometry measurements have been conducted. Samples with number of bilayers n =
3,6,9,12, 15, 20 and 30 were analyzed by the AG Biophotonic @ettiter for Hybrid
Nanostructures of the University of Hamburg. The result is plotted in figfare
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Fig. 56: Ellipsometry measurements conducted onto (PAH/calix@with n = 3, 6, 9, 12, 15, 20 and 30
(*original raw data from the analysis conducted inHamburg).

The figure56 shows values of thickness relatively low if compared with the one reported
from Carusocet al. [156] of 9.7 nm per bayer, based onto a (PAH/P&System built
under similar conditions. However, in the context of polyelectrolyte multilayers prepared
by layerby-layer technique, external parameters such as salt concenf8&tjopH value

[166] or temperaturgl67] provide control of the layer thickness. In a work of the 2010
[168] Ashcraft et al studied layeby-layer films composed of poly(diallyl dimethyl
ammonium chloride) (PDAC) anduonated poly(2,&imethyl 1,4phenylene oxide)
(sPPO), i.e. (PDAC/sPPg)as a result of the variation of the ionic strength of the
assembly solutions. They found that the film growth is modulated from 6.91 nm/bilayer
when assembled with no salt, to 68r@/bilayer when assembled with 0.5 M salt.

All the data presented lend support to the conclusion that it was not possible to
determine the conductivity as well as activation energy values for (PAH/casysdem.
This is why from now the focus of thesdussion is to try to understand the ion transport
via the analysis of depth profiles. In order to do that, the transport of macroscopic amounts
of potassium ions through (PAH/calix8membrane is discussed in this section from a
qualitative point of viewUltimately, the transport of potassium through the PEMs gives
rise to concentration profiles characteristic of diffusion, which can be determined by

means of timef-flight secondary ion mass spectrometry (7®IMS). For that, two
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samples of (PAH/calix83 have been bombarded with a homogeneous potassium ion
beam, using different bombarding time, leading to the incorporation of different amount
of charge within the PEMs film. In the case ehdur bombardment {&B) the charge
incorporated was Q = 6J6C, while the case of 308 bombardment (366B) led to an

incorporated charge @ = 0.64uC. A comparison of the corresponding concentration
profiles is presented subsequently.

1 hour K@ (PAH)/calix8)1s

300 sec K@ (PAH/calix

0.
° °
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Fig. 57: Concentration profiles of the bombarded (PAH/calix8)s. The ion signals are normalized to
the maximum ion signal of the corresponding species. Left: depth profile for-thiour long-time
bombardment. Right: depth profile for 300-sec longtime bombardment.

As the original order of the layers upon preparation was PEMs onto Au, this order is also
reflected in the concentration profiles: here the carbon signal is taken as the indicator of
the polymer film and the gold signal reflects the backside electrodetdfolasdization

of the intensity data obtained by T&MS analysis, a normalization procedure was
performed. The saxis displays the sputter time originating from the raw data. A
transformation of the-scale into a depth one was not possible in this chseto the
limitation of the profilometer instrument. The Sloan Dektak3ST indeed is not suitable to
work with soft surfaces, else the integrity of the surface itself would be compromised.
The two concentration profiles of figus& differ from multiple pants of view.

One result of this analysis regards the profile of the carbon signal associated with the
PEM. It is notable how the carbon signal extends along with different sputter time ranges:
from 200 in case-hB, till 600 sputter second for 3&B. Rarallel to this observation, the
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gold signal rises already at the beginning of the measurement khhedse. Such trend
reflects a different sputter rate associated with the sputtering process of the polymeric
film, i.e. in the case of 308B the sputr rate is higher. Granted that the conditions under
which all the measurements have been acquired are the sahspi@sr beam, with ion
current between 18 nA30 nA), the reason of a difference in the sputter rate can come
from the inner structure dhe film. In order to verify this supposition a T&MS

analysis onto a ndiombarded (PAH/calix83was taken and the result is shoglow:
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Fig. 58 Depth profiles of position B (left) and position C (right) taken from a fresh sample of

(PAH/calix8)1s.In both cases, fragments of the film were taken as reference for the PEM layer.

Two trends seem to be present. In the left plot of figd@ehe signals associated with
fragments of the PEMs (see index in the plot) present high intensity sinastisedonds

of analysis, while they drop down to low intensity within the first 200 sputter seconds.
This trend appears to be similar to the one already described for the plot on the left of
figure 57. The second trend which comes out of figbBas theone visible on the right

plot. Here the signals (see index in the plot) extend across the first 600 sputter seconds
likewise the case of the carbon signal in the right plot of fi§uré&rovided that the two
profiles of figure58 belong to the same samples, it might be said that the film is not
homogeneously distributed onto the surface. There are rather regions where either the
growth of the PEMs did not proceed linearly, or the rinsing protocol did not occur
properly, such thatlifferent spots on the surface appear more swollen than others. In
figure 59 a picture of the analyzed reference (PAH/calix@veals visible heterogeneity

of the film.
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Fig. 59 (PAH/calix8)1s picture with visible inhomogenous spots (left); picture tken by a ToRSIMS

camera showing the same inhomogeneity in microscale (right).

Another result of figur®&7 comes from the comparison of the potassium depth profiles in
both plots. The two concentration profiles indeed do not seem to have the sameatrend. |
the right plot of figurés7, the potassium signal follows the same tendency of the carbon.
In this case, most likely a charge incorporated of Q su&.6ed to a complete filling up

of the membrane. In the case of 3 the charge incorporated was loniex. Q = 0.64

uC. By looking at the right plot of figurg?, it is clear how the potassium signal does not
follow the carbon, but rather assumes a trend which could be rationalized as due to the
diffusion of potassium ions through the membrane and toatoemulation of the
neutralized potassium at the interface between membrane and gold electrode.

5.2.4 Design |V: steel/Au-foil/PEMs system

As already described in section 4.2.1 the Design IV differs from the Design |, 1l and III

in the gold layer, which is no more a sputteated coverage, but rather a massive gold

foil. Since their preparation the films of (PAH/calix@emained stable: éhsamples did

not change form nor color, despite the fact that the preparation and then the storage of the
membranes took place at room temperature and ambient pressure. The reason for that is
mainly due to the choice of the building components such as B#lktationic
polyelectrolyte from one side and calix8 as anionic counterpart from the other side. PAH

is known to be used as model system in studies of multilayers st§b@fly170] while

calix8 seems to be more suiteor adsorption rather than the parent calix4 or calix6, i.e.
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p-sulfonatoecalix[4]arene and {sulfonatecalix[6]arene, respectively. The calix8 has
indeed a higher number of ionic binding sites and the adsorption/desorption equilibrium
is determined fronthe number of binding sites per ring (eight sulfonates group for the
calix8). Moreover, the ring conformation of the three mentioned calixarenes is different
and calix8 attains mainly the flatane conformation, being well suited for adsorption
[171]. In table 8 some peaks from the mass spectra obtained by means oSiMIDF
analysis onto a (PAH/calix@)are listed. The peaks are associated with fragments of the

polymeric compounds used to prepare the PEMs:

Table 8: Main fragments taken as reference of the PEMs. Nominal mass, experimental mass at

which the peak has been found and the location of origin of the fragment are listed in table.

fragment association nominal mass m/z experimental mass m/. location

NH3+ 17.026amu 17.027amu PAH

NH4+ 18.034amu 18.037amu PAH

S+ 31.972amu 31.968amu calix8
CH3NH3+ 32.050amu 32.048amu PAH

SO3+ 79.957amu 80.060amu calix8
HSCH2CH2CO2H (MP/ 106.009amu 106.075amu MPA
(1/8 calix8)+ 188.014amu 188.057amu calix8

Subsequently, ion transport studies of, IK* and RbB through (PAH/calix8% will be
presented. Liand RB were chosen because a T8AMS analysis on a reference fresh
(PAH/calix8gorevealed the absence of both &and Rb ions within the PEMs, ensuring
that the post evaluation of the data will not be somehow compromised from the original
conditions of the sample. The same is not completely true for ‘thenk, which were
found to be present into the PEMs already pricdhtobombardment. The source of this
contamination was actually the same gold layer used as substrate:3{M8Fanalysis
conducted onto the gold foil showed indeed the presencé wftkin the gold. Neither
Li* nor Rb ions were found within the golidyer (see appendi€1 for relevant depth
profile). However, results concerning theé-ombardment will be presented here with
the only aim to give a qualitative comparison in the serieKli Rb" but a quantitative

evaluation of the data for the'i€ase vas not conducted.
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The experimental set up used has been already illustrated in section 4.1. For the emission
of potassium and rubidium, aluminosilicates of composition M[Agi(M = K, Rb) has

been used together with an emitigre a(seesection 4.1.1), while synthetic spodumene
(LIAISi 206) has been chosen as the material for theidni emission together with a
filament type emitter. In all cases, the ion current reaching the sample surface has been
set to a value lower than 1nA, between 0.3 nA and 0.7 nA depending on the specific
emitter. For each ion beam {LK", Rb") two kind ofexperiments have been performed,
varying the time for the bombardment: 5 seconds in one cesecE) and 10@econds

in the other (10&ecB), whereas the repeller voltage used for the ion beam wa8 V

the temperature of the sample 8@i®oth expementsin figure60below depth profiles

as result of these experiments are shown:
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Fig. 60: Plots of ion densitiesvsdepth for [Li *, K*, Rb*]@(PAH/calix8)so after bombarding time of 5
seconds (a) and 100 seconds (b).

In order to convert the sputter tinim the raw data into a physical depth axis, it is
assumed that the thickness of the (PAH/catdjm is 40 nm, which accords to the value
measured by ellipsometry (see figure 55). The carbon signal has been chosen as
representative for the film. Tiecay of the carbon signal and the onset of thé gignal,

that represents the gold backside electrode, have been identified as the end of the film. As
a consequence, the point on the@xis where the gold signal and the carbon signal
intersect has beeset to 40 nm. The entire normalization of thaxis has then e

derived assuming a constant sputter rate over the entire range of sputter seconds. In the

plots of figure60 the raw original intensity in arbitrary units (a.u.) has been transformed
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into an ion density by taking into account the integral under the intensities curves of each
ion signal, the charge accumulated after each bombardment (calculated from the current

time characteristic curves), and the dimension of the bombarded area:
NVERQE | Qo— (65)

wherel is the raw intensity in a.uQ stands for the charge accumulated in Coulofib,

the bombarded area in square meteraisdhe elemental charge of the electron. It must
be highlighted that the difsion profiles for Li, K*, and RBare plotted in the same graph

for comparison reasons, but they are related to different measurementerarel
different amount of incorporated chardes representative for the film and the backside
electrode, the Card Au®* signals from the profile generated by th&-hombardment are
shown. The corresponding profiles from thé aad RB-bombardment are very similar

in size and shape such that this simplification does not imply a crucial approximation. A
comparison be&teen the depth profiles of 1iK*, and Rb of figure 60-a and the ones of
figure 60-b shows that the intensity level of the curves fr@pto (b) increases. This
observable appears to be consistent with higher values for the charge accumulated after

the bombardment (see table 9).

Table 9: charge accumulatedor [Li *, K*, Rb*]@(PAH/calix8)s0 after bombarding time of 5 seconds
and 100 seconds.

charge accumulated

alkali ion | 5 sec experimer 100 sec experimer

Li* 3.08 nC 79.82 nC
K* 2.17nC 163.00 nC
Rb* 0.35nC 12.67 nC

A comparison of the depth profiles within the same graph, either within f@fleeor

within figure 60-b, shows that onlythe Li* signal presents a space dependent
concentration profile, whereas the other two alkali signals show no diffusion profile in
the same depth range but an almost constant tendency. In first approximation, the Li
signal shows an exponential decay with increasing space, where its intensity drops
exponentially from the very beginning of the membrane layer to the end of the film at 40
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nm. Such profiles can typically be found if diffusion processes are relevant.eknoth
aspect is the maximum at circa 70 nm exhibited from theiggnal. This maximum can

be associated with an accumulation of lithium ions which were neutralized and thus
accumulate at the interface between film and gold substrate. Such an accumutetion is
visible in the case of the Rlourve, whereas the'Ksignal shows a hint of accumulation

at the gold interface. However, for thé &ase, the complication of any argument would
be the contamination of the original gold substrate with potassium ot khown indeed
which fraction of K* comes from the gold and which has been introduced from the
bombardment. For this reasdhe transport mechanism of khrough the film will not

be further discussed, whereas in the next sections simulations andeicheorodel will

be presented, in order to better describe the ion transpoit ahtl RB ions through
(PAH/calix8)o film.

Numerical analysis of 5secB Li*@(PAH/calix8)0and 5-secB RE@(PAH/calix8)s0

In this section, a detailed analysis of the lithiconcentration profile for 5 seconds long
bombardment is presented. In Figud& a comparison between experimentahd

theoreticaldata isshown
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Fig. 61 lon density versus depth of experimental data (light blue), simulated slow pathway

diffusion (red) and fast pathway one (green) together with total contribution (blue).
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As already anticipated isection2.3.3 calculationsof the simulated curves have been
performed by solving the coupled set of N&juations. In each time step the potential is
calculated selconsistently to the carrier distributions. For the calculations, -tidszis
discretized into space elemeikts. The space grid used for the simulations shown in
figure 61 has been chosen witkpace increments @iz = 0.04 nm and number of
increments z = 100. While the time gridfme e n s et *Psmandaemberoftbne x 1 0
increments t = 100.000. As material constant, the dielectric funaeaciated to the

PEMs wag?: = 10. The plotof figure 61 shows two regions of interest: thest region
contains the first 40 nm below the bombarded surface and corresponds to the region where
the PEM is present; the second region from 40 nm to 150 nm shows a local maximum of
the Li* signal. As possible explanation one may think to a process where ions enter from
the front side, then two possible diffusion pathways could be operative inside the
membrane, one accounting for slow lithium ions diffusion and the other one for fast
lithium ions diffusion. Eventually, the ions reaching the gold electrode are neutralized
and they accumulate at the interface between membrane and substrate (see the second
region of interest in figurél). Thus, the model used to examine the ion transport across
the membrane results in a combination of two diffusion pathways: the diffusion of slow
lithium ions (associated with the simulated curve in red in fi§gdyend diffusion of fast

lithium ions (see green line in figul). The total contribution of themd simulated

curves (in red and green) is displayed from the first part of the bludiniotsf figure61.

A good fit is achieved using diffusion coefficients afod= 0.4 x 10'® cn?/s and Rust=

1.2 x 10" cmé/s and assuming that 40% of the incomiogs enter the slow pathway,
whereas the rest of the ions is transported via a fast pathway. The second region of interest
of figure 61 has been fitted with a Lorentz distribution (see the second part of the blue
dotsline). A good agreement between modeld experimental data comes from the
observation of the amount of charge transported within the film and the amount of charge
accumulated beyond it: considering the experimental concentration lithium profile, one
is able to calculate the amount of chaingesported inside the film (from the integral of

the intensity data along the depth) and the amount of lithium deposited at the backside
electrode (always from the integral of the intensity data along the depth). The ratio
between the two quantities givas experimental indication of treharge factor(c.f.)

between ions located inside the membrane and lithium accumulated at the interface. In

the case of the experimentalldepth profile ac.f. = 1.33 has been found. From the
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theoretical calculation a itee of dharge factorhas been calculated, icef. = 1.59. This

value seems to be in agreement with the one provided from the experimental data, with a
deviation of 20% between the two values. An explanation for such deviation comes from
the fact that inhe reality there is not a net separation between charge inside the film and
atoms accumulated and the limit is better described from a smeared boundary region, such
that values of experimentaharge factorcan be considered as approximate valures.
orderto discuss the accuracy of the values of the diffusion coefficientiassd with the

two pathwaysfurther discussion will be conducted subsequently. The plot shown in
figure 62 below displays experimental data (light blue diamond symbols) together with
some of the simulation test conducted within the theoretical studies.
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Fig. 62 lon density versus depth ofexperimental data (light blue) andsimulated curves from

different calculation test. More details regarding the appendix are given in the text.

The test have been named test |, II, lll and IV for simplicity reasons. The airfiggre

62 are the sum up ddfimulaed slow and fast pathway curves. The blue linder the

name test | refers to the already discussed curve of fiijuaad it was repaded again

here in order to provide a comparison between different simulated curves. Each curve is
associated with an appendix box whare listecall the meaningfubarameters which led

to the simulated curve, i.e. the diffusion coefficients for fast slod/ ions and the
theoreticalcharge factor(calculated in the way already describeii). accurate look at

the curves and at the relative set of parameters shows how the test | seems to provide the
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better match. In particular a comparison between tesd test Il (pink curve) reveals

how a variation fromDrastLi+ = 1.2 X 10'° cn?/s toDrastLi+ = 1.4 x 10 cé/s leads to a
worsening of the match between calculated and experimental data, although the test IlI
could be considered better with respetxttiie agreement between experimental and
theoreticalcharge factor Finding the best set of parameters in order to achieve the best
match is not always straightforward and the plot of figi#enly shows some of the test
conducted within this study. Altlhugh, it is clear that even a small variation in one of the

parameters could bring to a deviation from the best fitting.

Turning back to the outcome of figuéd, a discussion of the data together with
some literature reference will be presented here below.transport across PEMs
containing calixarenes has been investigated by Toutianeusd. [14] where p
sulfonatecalix[n]aren€ poly(vinilamine) (PVA) multilayers were used as model system
for studies of permeation rates of various electrolytes in aqueous solution; the author
verified that the permeation of monovalent alkaétal chlorides (Li, Na, K, Cs) across
the calixarengyolyelectrolyte multilayer films is retarded compared with theP&M
membranes, i.e. membranes without ring units from calixarenes. They claim that in
addition to the Donnan effect (which refers to the rejection of permeating cations at the
positively ctarged parts of the film)172], the presence of the calixarenes units may
influence the type of transport. The cyclic arrangement induces indeed a highly negative
charge density at the ring units, which can attract thieradepending on their size and
charge density. In the frame of the model used in the work of this thesis, two pathways
are taken into account one being slower than the other, leading to a diffusion profile as a
combination of the two. The presence daf ting units may play a role not indifferent in
defining the kind of transport across the (PAH/calx8Part of the lithium ions
(according to the numerical calculation 40%) are retarded on their transport, due to the
interaction with the negative pendamoups of the calixarenes, while the rest of the ions
pass through the membrane via hopping transport between discrefé &3fe$n order
to shed further light on the mechanism of transport suggested from thiditaonedel,
numerical simulation for the rubidium diffusion profile has beenducted as well. In
figure 63 the simulated data, as well as the experimental concentration profile, is plotted
over the depth:
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1e+21 IR TR T (NN T TR TR AN TN TR T (NN TN TN SO N SN SN SHN AN SR TN S N SR SR S N1
1 e experimental data F
—e— simulation + Lorentz distribution [

8e+20- . B

ion density / [ions/m?3]

depth / [nm]

Fig. 63 lon density versus depth. Experimeral data (pink dots) and numerical data (simulated till

40nm plus Lorentz distribution) are plotted.

The space grid used for the simulations shown in fig@reas been chosen with space
increments obz = 0.04nm and number of increments z = 100. While the time grid has
been set t%s assnumber d time inctetnents t = 1.000.00he main
difference from the lithium case is the trend of the rubidium diffusion profile across the
film: an almost flatcurve is found to be characteristic of the transport. The numerical
calculation reveals that actually, only the fast diffusion pathway is relevant for the
transport of rubidium. The plot displays a simulated curve which is actually a sum up of
two contribdions, slow diffusion and fast one, where the latter one is predominant. From
the results of the model, only the 0.01% of the rubidium ions enter the slow pathway,
whereas the rest is dominated from the faster one. The value of the diffusion coefficient
associated with this fast pathway is of.R= 7 x 10'° (+ 1.5 x 10'°) cn¥/s. Even in this

case the comparison between experimeasftatge factorand theoretical one brings to a
good agreement(fexp = 1.55 andc.fimeo = 1.54). It is noticeable that&hDrst for the
rubidium is higher than the one found for the lithiuma{R" = 1.2 x 10" cn?/s vs
Drastre = 7 X 10%° (£ 1.5 x 10%°) cn¥/s), leading to the suggestion that the rubidium ions
are less influenced, i.e. attracted, from the negatiligacane units. In the previous
section, fast pathway was indeed associated with the polar properties of the membrane
and the slow pathway with the influence of the calixarelighis is the case, then the

rubidium ions are not only less (or even nont&pated from the negative rings, but the
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hopping mechanism which controls the fast pathway seems to be enhanced in the case of
the rubidium with respect to the lithium ions. This remark appears to be consistent with
the results of the study conducted mufianoustet al, where the permeation rate values

of alkali-metal chlorides across calix8/PVA films increase in the series from LiCl to CsCI.
According to their explanation, the higher size of the rubidium cations (0.148 nm versus
0.068 nm) and its congaent lower charge density, seems to have a crucial role on the
electrostatic rejection of the ions from the equally charged parts of the membrane. To
return to an earlier point, i.e. the lack of accumulation beyond the membrane in the case
of the rubidiumions, the model would suggest that the dominating fast pathway makes
the ions be trapped homogeneously across the film by means of the pbtyumer
exchange sites, as described from the hopping mechanism. Contrary to this case, lithium
ions are distributd with 40% to the slow pathway and 60% to the fast one, giving rise to

a diffusion profile which reflects the combination of the two and not the predominance
of one.

Finally, a discussion regarding the accuracy of the value of diffusion coefficient
asso@ted with the fast rubidium ions is presented subsequently. In Bgurelowaplot
similar to the one displayed figure 63 is shown:
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Fig. 64: lon density versus depth ofexperimental data (magenta symbolsand simulated curves

from different calculation test. More details regarding the appendix are given in the text.
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The plot shown in figuré4 displays experimental datmmégentasymbols) together with
some of the simulation test conducted within this stdyalreadydescribed for the
figure 63, also the curves of figure4 refer to the fast ions diffusion pathway, being
indeed this the predominant one in the case of the rubidiumTibesest | of figure4

refers to the simulation curve of figué8 already discussk Differently from figure62

for the lithium ions case, the accuracy of the diffusion coefficient seems to be more easily
derived here. A comparison between test I, Il and 11l shows indeedih@niation oft

7 % in the value chosen for the fast diffusimefficient (fromDsast= 7 X 10° t0 Diast=

6.5x 10%in test Il and tDrast= 7.5x 10 in test IIl) brings to a respective variation of
thecharge factoywhereas the profile of the simulated curves does not vary significantly.
This is way it seems to be reasonable to conclude with a final value for the transport of
fast rubidium ions oDrast= 7 x 10'° (+ 1.5 x 10%) cn¥/s.
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5.3 Measurementsf offsets in CAIT detection process

In a typical CAIT experiment, the surface of the sample is electrically charged after
bombardment with thermionic emitted particles (ions and in principle also electrons). In
analogy to a D@ransport experiment, tleharged surface induces transport such that the
resistance of the sample can be detected. The registered current leads then to the
determination of values of DC conductivityom the slopam of the recorded current
voltage characteristigccording tahe equation 86) and @7). However a deep analysis

of this kind of back VS Urp curves, shows that they are not lines witlak= O for Up = 0,

but physically the currentoltage data have finite offsets on the order of few Volt (see
schematic graph in figurgb).

Iback

_ AIciet:

AU,

Uoffset urp

Fig 65: Schematic graph of a genericdack vSUrp curve. Theintercept with the x-axisrepresents the

offset voltage.

This offsé is the analogue to offsets observed in classical thermionic electron emission
from a metal detected by some othegtal plate. In a classical experiment, electrons are
generated by thermionic emission from a metal 1 and the current is detected by a metal
2. In this basic experiment, it is observed that the cukreltdige graph exhibits an offset,
which originates from the difference in the electronic work functions of metals 1 and 2,
I.e., the classical quantification of the Volta effgict4, 175]

Within the research of this thesis, the focus was so far given to the slope of the

current voltage data, i.e. the conductance, which is not affected by these offsets.
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However, this last study aims to give a better understanding of the process beyond the
measured voltage offsét order to do that, a basic CAIT experiment has been performed,
where a metal plate has been bombarded with an ion beam from a potassiumoémitte
the composition KAISOs: Mo (1: 9). The basic setup looks very similar to the one used
by Schuldet al.in [176] where it was investigated the thermionic emission ofiduns

from synthetic spodumene (LiAlf%)s) as a funton of temperature and electric field.

One of the outcomes of that work was that the thermionic current exhibits a voltage offset
of 1.760 eV. This offset was related to the energy balance required from' tlead_to
recombine on the detector plate. Qual of this study is to shed further light on the offset
topic. From one hand, a theoretical model based onto the combination of required energy
guantities will be taken into account, from the other hand, a comparison with the
theoretical model developefiom Schuldet al. will be discussed. In the following
sections experimental data set (5.3.1 section), evaluation of the ionic and electronic work
functions (5.3.2 section), as well as a theoretical description of the detection process
(5.3.3 section) wilbe presented.
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5.3.1 Current-voltage curves

The set up used for the detection of the curvefiage curves is represented in figéte
(top), while figure66 (bottom) shows pictures of the same setup with the meaningful

components pointed out via red arrows.

vacuum chamber

|back

14(0...10) A €

-
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USB module H PC

gold electrode

Fig. 66. Sketch of the experimental setup for measuring thermionic ion currents. The upper graph

shows the electrical circuit. The bottom graph showsiptures of the set up.

The ion beam source shined directly towards the surface of the metal electrode. As
emitter, a homenade potassium emitter of the composition KACBi Mo (1: 9) has been
used. The metal electrode consisted ajodd foil (purity: 99.99%; producer. HMW
Hauner). Te ions were repelled by a positive potentia, dpplied to a repeller lens.

lons reaching the surface of the electrode were then neutralized and gave rise to
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neutralization current that was detectedh dlectrometer amplifier has been used to
measure the ionicurrent gee section 4.for further details regarding the electronids).

is worth noting that neither an ion optic, nor a blind current measurement system, nor a
temperature measurement systéon the sample was present. The setup has been
maintained on purpose as simple as possible. It is important to emphasize that the aim of
this experiment is the detection of the entire potassium ion current flux, in order to register
the neutralization cuent and to study from that the voltage offset characteristic of the
detection process in a typical CAIT experiment. Eventually, the setuplaesd in a

high vacuum chamber and all measurements were performed at a pressure value of 10
/107 mbar. For eeh experiment the repeller voltage has been varied in a rangei0.5 V
5V, in steps of 0.2 V. The measurements were repeated several times to test for the
reproducibility, taking care each time to use a cleaned gold surface. The heating current
for the emssion process was chosen to be 5100 mA for each experiment. InGitare
comparison plot of the measurements conductadyuke gold electrode is shown
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Fig. 67: Normalized ion current vs voltage plots of different measurements. A gold electrode wa

used as metal detector plate.

The yaxis plots the current normalized to the maximum value, in order to optimize the
comparison between different reproduction experiments. The choice of plottiAghdots
curves seems to be appropriate in this caseaie the reader comfortable in following

the trend of each set of measured poimsoider to quantify the voltageffset in a
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systematic manner, the part of the curves which showed a linear trend has been fitted via
a linear function. From the intercepith the xaxis, a value of offsatoltage has been

determined. In figuré8 and table 10 below the results of this analysis are listed:
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0_2—_ — linear fit REP II [ average 0.58+0.17V
] linear fit REP III
0 T T T T T T T T T T T T

3 4 5
U / [V]

Fig. 68 Evaluation of the experimental Ustset from the linear fit of the curves. Listed in table 10 the

values for each reproduction measurement as well as the average value ofskdexp.

In order to verify whether the metal electrode could have had a relevant influence in the
measured offset, different experiments were performed, where the gold metal electrode
was replaced with an electrode made of stainless &epftoduction measurements were
performed, each time assuring that the surface of the steel was cleaned in advance of the

experiment. The results of this analysis are plotted in fi§@re
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Fig. 69: Normalized ion current vs voltage plots of different meaurements. A steel electrode was
used as metal detector plate. Listed in table 11 the values for each reproduction measurement as

well as the average value of dgset,exp.
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The plot shows the normilizeadn current and the linear fit curves. The values of offset
listed in table 11 are close to the ones obtained in the case of the gold electrode. A
difference of 0.64eV between the offsets employing the gold and the steel electrode would
have been expectatlthe electrode material contributes to the offsetlife of work
function for gold and steel is indeed 5.1 eV and 4.46 eV respectiVely)measurements
performed in this work do not show any indication of such a difference. That is to say: no

meaningll influence comes from the type of metal electrode used as detector plate.

If the electrode material does not play a role it should be possible to treat the
electrode by shining a'beam in advance. The advantage is that the backside electrode
does nothange during the experiment. In order to do that, a series of experiments were
conducted, where the surface of the gold electrode (and the steel as well) has been
previously shined with potassium for a period long enough to lead to the formation of a
potassium layer onto the surface. The thickness of such layer has been quantified by

means of the following formula:

NEQRQE | Q6w (66)

Where the ion density value for metal potassium is 1.318%di®/n?, while the number
of ions has been evaluated according to:

N |
Q¢ € i—— (67)

With | being the intensity of the registered current in Amperegdinel elementary charge

1.6 x 10*° C. It must be said that the area was approximatéiaettower limit value of

7.07 x 1 m?, which corresponds to the area of the emitting surface of the emitter. The
bombarded area in this kind of experiment is indeed not defined via a mask, however, due

to the vicinity of the detector to the emitter, sagproximation seems to be reasonable.
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The experimental conditions used did not change from the previous ones, i.e. the repeller

voltage range used is 0.51\5 V and the heating current 5100 mA.

Below are plotted results of this analysis conducted gaol and steel electrodes:
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Fig. 70. Normalized ion current vs voltage plots of different measurements after treating the
surface of the electrodgboth gold and steel data shown Listed in table 12 the values for each

reproduction measurement as well as the average value ofrkktexp.

In plot of figure70 normalized values for-gxes are used. The thickness for the priming
layer is displayed on the graph. As result of thiglgsis, the voltage offset is not
influenced by the prreatment of the surface. However, the study is limited to the fact
that the actual temperature of the electrode is not taken into account. Due to the vicinity
of the emitter to the position of theeetrode (7 mm distance), the temperature there is
very high (order of hundred of Celsius degree). This is a crucial aspect when it comes to
the formation of an elemental layer of a substance onto a grounded metal plate. An effect
of the high temperature gltal be, for instance, the melting and / or evaporation of the
alkali metal which was deposited on the detector plate. Elemental potassium melts at

62.85 °C, while its vapor pressure at melting point is 1.4 %mbar.
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The last analysis performed withiinis study regards the temperature dependence of the
measured offset. In figurgl the registered currens voltage curves for three different

heating currents of the emitter are plotted.
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Fig. 71 lon current vs voltage curves for different heating curent. A gold electrode was used as

metal detector plate.

As a result of this analysis, it is clear that there is no dependence of the measured
voltage offset on the heating current.

5.3.2 Measurements of ionic and etéronic work function of a Leucite

potassium emitter

As already introduced at the beginning of this section, the detectiohiafi&kby a metal

plate implies a balance of the relevant energies, which will show up as an offset in the
currentvoltage data. In the previous section, a series of experiment have been presented,
while in this section the results of ionic and electronickwianction measurements will

be shown below. When it comes to emittiee a homemade potassium Leuei it is not

given for granted which values of either ionic work function or electronic work function
are associated with the specific emitter material. These two contributions appear to be
crucial for the energy balance of the detection process inviesti¢as better elucidated

in following section 5.3.3). Provided that, it appeared to be meaningful to perform

measurements of ionic and electronic work function for the specific emitter used within
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5 Results and discussion

the experiments of this study, i.e. a potassium emittdreo€ompositionKAlSi>Os : Mo
(1:9). The investigation of the temperature dependence of the emission current brings to
the evaluation of material constants, such as the work function, according to the

RichardsorDushman law:

0 0 YQwn — (24)

Thus, the temperature dependent ion current has been measured at a constant electric field
in front of the emitter (7.14 Vcrhand-28.57 Vemt for ionic and electronic workfunction
measurements respectively). Figugeshows an example of theetrd of the ion current
density as a function of the temperature registered in case of a measurement for the

evaluation of the ionic work function.

J (ion current density) /
[Acm-?]

0_ moon ﬂunmmuﬂ oo |

500 600 700 800 900 1000
T/ [K]

Fig. 72 Representation of the ion current density as a function of the temperature.
It is clear the ina@ase of the ion current density with the temperature. To determine the
work function, a plot of In(J/A) depending on 1/T needs to be evaluated. Bhagionship

is shown in figureZ2. It results in a straight linekhose slope gives the work functioif

= slope*Ke.
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Fig. 73: Evaluation of the ionic work function Wion, from the slope of the linear fir curve.

Multiple reproduction measurements were performed in order to get a mean value of work
function. Results of this analysis are summarized below, both for the evaluation of ionic

and electronic work function, respectively.
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Evaluation of ionic work function according to RichardsonrDushman
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Fig. 74: Evaluation of data for determining the work function according to RichardsonrDushman.

Measurement: REP | (reproduction I).
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Fig. 75. Evaluation of data for determining the work function according to Richardson-Dushman.

Measurement: REP Il (reproduction II).
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Fig. 76. Evaluation of data for determining the work function according to RichardsorDushman.

Measurement: REP Il (reproduction 111)
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Table 13: Summary of the results of the linear regessions from the figures4-76.

measuremen m (slope) ionic work function R2

REP | -27.18 2.33 0.987
REP 1l -19.39 1.64 0.975
REP Il -22.13 1.89 0.982

average value =1.95 +0.35 eV

Evaluation of electronic work function according toRichardson-Dushman
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Fig. 77: Evaluation of data for determining the e work function according to Richardson-Dushman

measurement: REP | (reproduction I).
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Fig. 78: Evaluation of data for determining the e work function according to Richardson

Dushman.Measurement: REP Il (reproduction II).
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Fig. 79: Evaluation of data for determining the e work function according to Richardson-Dushman
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measurement: REP Il (reproduction IlI).
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Fig. 80: Evaluation of data for determining the e work function according to Richardson-Dushman
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measurement: REP IV (reproduction 1V).

Table 14: Summary of the results of the linear regressions from the figuress-80.

measuremen m (slope) electronic work functior R?
REP | -29.51 2.54 0.995
REP II -27.83 2.40 0.998

REP Il -35.57 3.06 1.000
REP IV -28.41 2.45 0.995

average value = 2.61 + 0.31 eV
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5.3.3 Theoretical model

In this section, the detection process will be further discussed from a theoretical point of
view. In order to give a better description of thegass, the emission process and the

subsequent recombination of Kons on the detector plate can be illustrated via an energy

Born cycle.
U/eVv
emitter detector
We-,emitter
- L.E.«

WK+,emitter offset ___________________

l 1 1

I I z

-L 0

Fig. 81 Sketch of the relevant distances and the energy landscape for the thermionic emission and
detection of K" ions from a KAISi2Oes: Mo (1:9) emitter.

On the graph of figur81the surface of the emitter is positioned at z = 0, the backside of
the emitter material at z<=L and afterwards is positioned the detection plate (either gold
or steel). The processubtrated in figurél, can be better described as follow: first, the
ionic work function for the emission of potassium ion.:White, Needs to be overcome.

At the same time, electrons are emitted from the emitter material, thus theretasbrk
function of the Leudie KAISi2Os: Mo (1:9), W& emittermust be exceeded. The electrons
emitted from the emitter material are neutralized at the surrounding walls of the setup.
Upon recombination of Kions with electrons at the detector surface, the cornepg
ionization energy of atomic potassium is gainedkl&£4.341 eV. Thus, the offset can

be expressed as givenequationo8:

~

Y W § W @08 (68)
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From the data of table 15 and according toetipeation68 a theoretical value of t#set=

0.22 eV is expected for the emission of potassium ions from K@4SiMo (1:9).

Table 15: Data for the evaluation of the Usset, according to the equation §8).

guantity value
W j 1.95 +0.35 eV
W i 2.61+031eV
‘@8 4.341 eV*
* [177]

Although the approach used to provide a theoretical model is similar between the case of
this study and the case illustrated in literature from Schuld, however, the two theories
seem to differ. As anticipated at the beginning of this section, the offsetvelol from
Schuldet al.relies on the balance of the relevant energies involved in the process of the
detection of Li-ion current on a metal plate (i.e. the detector). At this point, it is important

to emphasize that the emitter used within this litemtvork is a filamentype emitter,
whereas the one used for this study is a pglfet emitter (see section 4.1.1 for details

and differences). According to their model, thetk! can be epressed as given in

equations:
Y Y& AQ » ® W 7 @08 (69)
with:
(I W W i (70
thus:
Y Y& aQ o W @8 (7))
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By looking atthe equatior69, the recombinationf Li* ions onto a metal detector can be
traced to a combination of: ionic work function of the emitter, electronic work function

of the detector, contact potential between detector and filament and recombination energy
‘@08 . Thesame equatioB9 can be reritten considering the equatiaf© to give the

equation71. A comparison between the two models will show up as follows:
Y W i W § ‘@cs (72
Y Y& a0 Q w i W § @08 (73)

The difference between the two models is evident: in one case, it is the electronic work
function of the emitting material which contributes, in the second case (Sattalldthe
electronic work function of the filament needs to be taken into account. In order to
understand the reason for the incongruity between the two cases, it could be useful to
highlight the difference between a filamdppe and a pelletype emitter by meansf a
graphical illustration:

WK + emitter
A

W.-
e~ ,vessel (steel) We’,emitter
+
Weﬁemitter /

We*,filament (Mo

_____ kaisi,05 {
Mo (1:9) J ===

Fig. 82 Simple illustration of the emitter filament-type (left) and pellettype (right). Arrows
indicate the hypothetical emission of species (ions ang,evhereas encircled indicate only the

emission which occurs in the tw cases respectively. More details in text.
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Due to the high temperatures reached from the material, i.e. 750 °C to 800 °C, emission
of ions and of electrons from the emitter material is expected in both cases, filantent
pellettype emitter. Arrows skehed in figureB1rely on the process of emission from the
surface to the vacuum: each process is associated with a different work function, ionic
work function for ion emission process and electronic work function for electron emission
process. In additimto the emission of electrons from the material, emission of electrons
from the surrounding metallic support could be considered as well. In case of a filament
emitter, the surrounding metallic support is represented from the filament itself, which is
speifically made by molybdenum; in the case of a peditter, this is represented by

the stainless steel vessel which contains the emitter material. If this is the case, then it
would be meaningful to understand, why in the energy balance process eli¢hey/pe

emitter the eleconic work function of the Leutg KAISi>Os: Mo (1:9) needs to be taken

into account, whereas this is not the case for the filatypet emitter. Considering the

values of electronic work functions:

Table 16: Electronic work function for the different elements mentioned.

guantity value
W § D ¢ 261+03leV
W j N/A*
W j 4.6 eV
W § 4.46 eV

*not available

The electonic work function for the Leutz is the lowest between the listed ones, but in
particular is lower tharwy . Granted that, the reason why the energy balance
contributions are different in the two models could rely on such low value of electronic
work function Even though the value fos is not known, one could expect

it to be not much different from the electronic work function of the molybdenum, perhaps
even higher, since the  is the relevant ondy looking at the right sketch of fige

82, black dots have been drawn within the emitter material. As already described in
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section 4.1.1, thenolybdenum has been added in order to guarantee a homogenous
temperature of the material. Here the molybdenum content has been illustrated as
conglomeates for simplicity reasons. A possible suggestion would be that the presence
of the molybdenum could have played a role such that the actuabeleatork function

of the Leucie was lowered to a measured value of 2.61@\aw et alinvestigated Li
emission from spodumene mixed with molybdenum. The ionic work function was
demonstrated to strongly depend on the molybdenum content of the emitter. lonic work
functions varying from 1.07 eV (85% Mo) to 3.26 eV (96% Mo) have been reported
[178]. Although this study regards the influence of the molybdenum content on the ionic
work function, however, it is not known to which extend the molybdenum content could
influence the electronic work function as well. At this pointhi@a discussion, it would be
advantageous to perform extra experiments in order to measure the actual electronic work
function for the spodumene (LiAI®)s). Further analyses seem to be needed in order to
give a fuller understanding of the incongruitiesAeen the two models and this could be
object of future research. With this study the author wants to stimulate further efforts in
deriving thermodynamic quantities connected with the emission process of species from
homemacde emitter material such as late KAISOs : Mo (1:x) and spodumene
(LiAISi 20e) : Mo (1:x).
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6 Conclusions and outlook

Mold compounds

Mold compounds of the type MCP1, MCP2, MCP3, MCP4 have been analyzed by means
of the CAIT technique, leading to the evaluation of values of ionic conductivity and
activation energy related to the process of transport of potassium ions through the material
under analysis. The four different types of MCP were bombarded by a continuous
potassium ion beam in a range of repeller volafdeeV- 30 eV. In the experiment, the
backside current was investigated as a function of the ion kinetic energy for different
temperatures of the sample: T = 150 °C, 155 °C, 160 °C, 165 °C and T = 170 °C. The
same tendency of current voltage character
have been found for every kind of mold compounds analyzed. The ionic condudtivity o
the MCP compounds was on the order of4D0*3 S/cm. The activation energy for the

ionic transport was determined by plotting the logarithm of the conductivity times the
temperature as a function of the inverse temperature. The slope of the resuiiag
yielded the activation energy which was found to be 1.5 @&V for a MCP1 sample.

The activation energy values for the rest of the mold compounds MCP2, MCP3, MCP4
was found to be similar, i.e. in a range of 1.3-&/7 eV. Measurements of condudies

and activation energies were repeated several times to check for the reproducibility,
leading to the conclusion that from the same type of mold compounds, e.g. MCP1, slightly
different values of conductivity, as well as activation energies, aagnebt Some of the
samples have been treated with heat in order to see whether the treatment of the material
would have caused modification on the conductivity or activation energy values. The
heating process consisted of heating up the substrate intokaend pressure oven from

130 °C up to 250 °C, in steps of 5 °C each 5 minutes. Right after the thermal treatment of
the sample a CAIT analysis has been performed, showing very low detected backside
current, thus any temperature dependent cuwmeltdge taracteristic could not be
determined. This effect was justified taking into account a change in the inner structure
of the material which lowered the ion mobility inside the sample. As the final part of the
study regarding conductivity and activation egyera comparison of the data obtained by
means of two different techniques has been presented. Results achieved with
electrochemical impedance spectroscopy (EIS) and CAIT methods were found to be in

good agreement.
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For a better understanding of the potassdiffusion process into the mold compounds,

the diffusion of potassium through MCP3 sample has been investigated via a combination
of CAIT method and an egitu ToOFSIMS analysis. The sample has been bombarded
using a potassium ion beam with an energy®eV for 19 days at a temperature of 170

°C. A ToRSIMS analysis was successively performed, revealing a depth diffusion profile
of the potassium into the material. The T®MS analysis revealed a similar profile in

the signals Fand SiF which could e interpreted as caused frondiffusion of those
species toward the surfaeghich wastriggered from the bombardment. F&MS
analysis onto a fresh and not treated sample of the same type of mold compound MCP3
confirmed the lack of a migration profilerf&iF" and F signals in a nebombarded
sample. With respect to the potassium concentration profile, the evaluation of a plot of
the natural logarithm of thatensityversus the squared depth revealed two upper limiting
values of diffusion coefficientssaociated with the transport of potassium through the
MCP3 sample. The evaluation of the 2D chemical maps collected during theI V&
analysis showed the presence of two different transport pathways operative inside the
material. Part of the potassiumffdses along the boundaries of grains, i.e. zones of
accumulation of the inorganic component of the mold compounds, whereas the rest of the
potassium diffuses through the bulk, i.e. through the inorganic component of the mold
compound. The presence of grmwithin the mold compounds has been validated from

a SEM analysis performed onto a fresh andtrested sample of MCP3, where a typical
structure of a mold compound with spherical silica was visible. A mathematical theory
has been established in orderavaluate the diffusion coefficients for the transport of
potassium ion through the specific mold compound MCP3. The numerical simulations
have been performed based on the NePtashckPoission equations: the ion flux density
which depends on the diffusi coefficient D, the electric potential given by a certain ion

di stribution and Fickos second | aw were
procedure. According to the numerical procedure used for the theoretical model, the ions
are deposited at the frtside of the sample and enter either the bulk of a grain or a grain
boundary. In the specific case, a good fit between experimental and theoretical data was
achieved assuming that 80 % of the incoming ions enter a grain boundary and assuming
diffusion codficients of Ds = 1.8 x 10! cn’s and D = 5.4 x 10%° cns? for bulk and

grain boundary diffusion, respectively. The highest value of D is associated with the
diffusion along the grain boundaries (GB) since is usually faster than the bulk diffusion.
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With the study conducted within this thesis, investigation of ion diffusion in microcircuit
encapsulation materials, e.g. mold compounds, has been performed. A combination of
charge attachment induced transport technique (CAIT) anddirfigght-secondaryion-
massspectrometry (TOFSIMS) allowed qualitative and quantitative analysis. Provided
that the issue of ion contamination represents a-kmeilvn concern in the field of
electronic packages, the analysesducted within this study leatts the deternmation

of information regarding the transport properties of potassium ions through the specific

mold compounds.

Polyelectrolyte multilayers

PEM films studied in this work were prepared from the ldyetayer assembly of ionic
p-sulfonatocalix[8]arene (alix8) and cationic poly(allylamine hydrochloride) (PAH)

onto functionalized gold substratdliscussions on the dependence of the conductance
with the number of bilayerss well as on the temperature dependence of the conductance
for a (PAH/calix8}o, led to the conclusion that the system investigated could have been
influenced from external conditions, i.e. from the type of construction design used as
support for the (PAH/calix@)multilayers. However, results of conductance study were
presented as a meaningful example on how the choice of a suitable substrate system could
be crucial for the realization of the CAIT analysisorder b determine the conductance

of (PAH/calix8), asa function of the number of bilayers, samples withn =1, 3, 6, 9, 12,
15, 20, 30 bilayers were analyzed. The samples have been bombarded with a spatially
homogeneous potassium ion beam using voltages between 2 V and 10 V and a
temperature range from 7€ o 80 °C.From results of théemperature deendence of

the conductance, a value adtivation energy & has been derived which turned out to

be not consistent with the expected one on the basis of previous literature data. In
particular, all the datkent support to the conclusion that tjlass resistancénstead of

the resistance of trREMs,has been measured during the experiméigmg a different
construction as a support system, new ion conductance studies by means of the CAIT
technique haveden performed. Results of cent voltage characteristic fd?tAH/calix8

with 9 bilayers were shown, where no correlation between the measured backside current
with the variation of the temperature was found. The data lent support to the conclusion
that comluctivity, as well as activation energy measurements for (PAH/calis@®)ld not

be acquired under the conditions of the CAIT method, due to the low resistivity shown
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from the PEMSs. Qualitatively analysis of F&FMS depth profiles of (PAH/calixg&was
presented. Two samples of (PAH/calix8have been bombarded with a homogeneous
potassium ion beam, using different bombarding time, leading to the incorporation of a
different amount of charge within the PEMs film. The trend of the two concentration
profiles reflects the different charge incorporated. Incase an incorporated charge of

Q = 6.6 pC led to a complete filling up of the membrane, in the other case 0.64 uC of
charge incorporated led to the formation of a diffusion profile within the firspGies
second. However, the interpretation of the depth profiles could not be univocal, since the
(PAH/calix8)s film was found to have heterogeneity at the surface, compromising the
conditions of acquisition for the Te&IMS analysis. Finally, studies dine transport of

Li*, K" and RB through (PAH/calix8o were presented. Evaluation of T&MS depth
profiles, together with a theoretical model and numerical simulations based on the
Nernst Planck Poisson theory, provided a full quantitative understandiitige transport
process of Liand RB through (PAH/calix8o multilayer. For the K case, a quantitative
evaluation of the data was not conductetlidds were found to be present into the PEMs
already prior to the bombardment as a contaminant. Foii@ableam (Li, K*, Rb") two

kind of experiments have been performed: (PAH/cadvdmples were bombarded with

the three different alkali ions varying the time for the bombardment, i.e. 5 seconds in one
case and 100 seconds in the other, leading consiyte a different amount of charge
accumulated into the membrane. A comparison of diffusion profiles showed a different
behavior for LT, K* and RB. On the one hand, the difference between the 5 seconds and
the 100 seconds bombardment appears to béstemswith higher values for the charge
accumulated. On the other hands the diffusion profiles within the sefigs'land Rb

differ in their trend. Only the Lisignal showed a diffusion profile with its intensity
dropping exponentially from the very beginning of the membrane layer to the end of the
film at 40 nm, whereas the Rbignal showed in the same depth range no diffusion profile
but an almost constantridency. For the Kthe trend fell in between the two previous
cases. Finally, numerical analysis of the lithium and rubidium concentration profiles for
5 seconds long bombardment onto (PAH/calx8yere presented. By means of a
theoretical model, the coentration profiles were modelled within the thickness of the
film. For the lithium case, the model used to examine the ion transport across the
membrane resulted in a combination of two diffusion pathways accounting for diffusion

of slow lithium ions anddst lithium ions. A good fit was achieved using diffusion
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coefficients of Bow = 0.4 x 10 cn?/s and Qust= 1.2 x 10" cn¥/s and assuming that
40% of the incoming ions enter the slow pathway, whereas the rest of the ions is
transported via a fast pathy. For the rubidium case, the numerical calculation revealed
that the fast diffusion pathway is predominant: only the 0.01% of the rubidium ions enter
the slow pathway, whereas the rest is dominated from the faster one.dilier the
rubidium, i.e.Drastro+= 7 X 10™° (+ 1.5 x 10%) cné/s, was found to be higher than the
Drast for the lithium, due to the fact that hopping mechanisms, which control the fast
pathway, are enhanced in the case of the rubidium. The study of ion transport of alkali
ionsLi* and RB across PEMs containing calixarenes leads thus to the conclusion that the
presence of the calixarenes units may influence the type of transport: part of ttee ions
retarded on their transport, due to the interaction with the negative penaiaps of the
calixarenes, while the rest of the ions p&sisrough the membrane via hopping transport
between discrete sites. This study wanted to shed further light on the mechanism of
transport of alkali ions through polyelectrolytes multilayers basedatixarenes, being

the latter one of the most important macrocyclic host molecules and important building

blocks in supramolecular chemistry.

Measurements of offsets in the CAIT detection process

This study aimed to give a better understanding of theegsbeyond the voltage offset
measured on a typical currentltage curve in a charge attachment induced transport
experiment. In order to do that, a basic experiment has been performed, where a metal
plate has been bombarded with an ion beam from agpatagmitter of the composition
KAISi2O6: Mo (1: 9). For each experiment the repeller voltage has been varied in a range
0.5V1 5V, in steps of 0.2 V. Two different metal plates were used as a detector, i.e. gold
and stainless steel and for both casesctirreritvoltage curves showed finitd@fsets in

the order of 0.5 eV, leading to the conclusion ti@mmeaningful influence comes from

the type of metal electrode used as detector .pleterder to investigate the detection
process of the specific KAIZs : Mo (1:9) emitter, ionic and electronic work function
measurements were performed. The investigation of the temperature dependence of the
emission current brought to the evaluation of the work function, according to the
RichardsorDushman law. A valke of 1.95 + 0.35 eV and 2.61 + 0.31 eV have been found

for the ionic work function and the electronic work function, respectively. Ultimately a
theoretical model based onto recombination of energy quantities has been suggested. The
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recombination of Kionsfrom Leucte KAISi-Os : Mo (1:9) onto a metal detector has
been traced to a combination of the ionic work function of the emitter material, the
electronic work function of the emitter material and the recombination energy of the
elemental potassium lE.A comparison of this model with another model developed in
the literature has been discussdthe two model rely on different energy balance
contributions of the emission/detection pFss of ions from domemade emitter to a
metal detector. Aeincongruities between the two modésve been traced back to the
different composition of the two emitter material, i.e. pure syntepodumene
(LiAISI 206) from the one hand and axmar of molybdenum and Leuei KAISi20s: Mo

(1:9), from the other handVith this study, the author wants to stimulate further efforts
in deriving thermodynamic quantities connected with the emission process of species
from homemade emitter material®ichas Leude KAISi>Os: Mo (1:x) and spodumene
(LiAISi 20e) : Mo (1:x).
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8 Appendix

8 Appendix

Appendix A. Temperature dependent curiiergltage characteristics and temperature
dependence of the specific conductivity for samples: MCP1, MCP2, MCP3, MCPA4.

A.1 Results for mold conpoundof type MCP1 for different reproduction measurements.
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A.2 Results for mold compound of type MCP2 for different reproduction

measurements.
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