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Part I

P R E FA C E





F O R E W O R D

Molecular layer deposition is a novel technique that enables the deposition
of thin, hybrid organic-inorganic films. Three aspects of this technique are
explored in this work: the transformation of hybrid films into nanopo-
rous metal oxides, the development of novel MLD processes based on
alkylamine metal precursors, and the applicability of MLD in the field
of lithium ion batteries. This research was started in September 2012 and
results obtained up to January 2017 are included in this book. All exper-
imental work was carried out at the Department of Solid State Sciences
at Ghent University in the CoCooN research group under the supervision
of Prof. Dr. Christophe Detavernier and Dr. Jolien Dendooven. This work
was made possible by funding from the FWO Vlaanderen in the form of
an "Aspirant" PhD scholarship.

This thesis is primarily based on the results of 4 papers that were pub-
lished in peer-reviewed journals. In the first part of this work, an intro-
duction is provided to acquaint the reader with the research topics and
concepts. In the next chapter, the goals of this thesis and a detailed outline
are presented. The results are presented as papers in the next part, along
with additional information when relevant. The results of all papers are
summarized in the conclusions in combination with several suggestions
for future research. Details on the used experimental techniques can be
found in the appendix.

I hope that I was successful in presenting my work in a comprehensive
and structured way. If you are reading this line, you at least read one page
of my thesis for which I thank you, the reader.

Kevin Van de Kerckhove
December, 2018
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E N G L I S H S U M M A RY

introduction and goals

Molecular layer deposition (MLD) is a thin film deposition technique that
is based on self-limiting gas-surface reactions. MLD inherits several attrac-
tive properties from its parent technique atomic layer deposition (ALD),
e.g. the sub-nanometer thickness control and excellent conformality on
complex structures. MLD distinguishes itself from ALD through the use
of organic reactants as ethylene glycol (EG) and glycerol (GL) in combi-
nation with metal-organic precursors. Organic fragments can be built into
the growing film, leading to the deposition of hybrid organic-inorganic
films called “metalcones”. MLD processes for alucone, titanicone, zincone,
zircone, and hafnicone have already been reported in the literature. An in-
teresting property of metalcone films is that they can be transformed into
nanoporous metal oxide films by calcination in air or water etching, as was
reported by Liang et al. in 2009. Hybrid organic-inorganic films deposited
by MLD have potential applications for flexible electronics, catalysis, lu-
minescent materials, light conversion, and lithium ion batteries.

Three research objectives were defined at the start of this thesis. The
first objective is to further study the transformation of metalcone films
into porous metal oxides. In this work, the transformation of alucone was
studied in more detail. The second objective is to develop MLD processes
that employ alkylamine metal precursors. This type of precursor is well-
established in the ALD literature, but has never before been used for MLD.
Here, alkylamine precursors for titanium, vanadium and tin were incor-
porated in MLD processes for titanicone, vanadicone and tincone respec-
tively. The final objective is to investigate the application of metalcone
films as thin film electrodes for lithium ion batteries. Before this work,
there existed only one report on the synthesis of a Li ion battery electrode
by MLD: lithium terephthalate.

5



6 english summary

transformation of alucone into nanoporous alumina

Alucone can be transformed into nanoporous alumina by calcination in air
at 500 ◦C and etching in deionized water. Before the study of the transfor-
mation process could start, it was first necessary to implement the alucone
MLD processes with trimethylaluminium (TMA) as the aluminium precur-
sor, and EG or GL as the organic reactant. For this purpose, two dedicated
MLD reactors were developed with in situ spectroscopic ellipsometry (SE)
and infrared spectroscopy (FTIR) capabilities. The transformation process
was investigated with ellipsometric porosimetry (EP) as the primary tech-
nique to probe the porosity, pore size distribution (PSD), and pore shape
of the films.

Alucones deposited with the TMA/EG process could be transformed
into porous alumina with both treatments. The resulting porosity was
approximately 40%. The water etching treatment resulted in cylindrical
pores with an average size of 7 nm. The calcination treatment produced
ink-bottle shaped pores with a size of only 1 nm. The calcination treat-
ment was only successful when the applied temperature ramp rate was
below 200 ◦C h−1. Below this critical ramp rate, a relationship existed be-
tween the ramp rate and the porosity of the film where a lower ramp
rate resulted in a film with a higher porosity. The alucones that were de-
posited with the TMA/GL process could only be made porous with the
water etching treatment. The porous films possessed a porosity of 37%,
were ink-bottle shaped, and had an average size of 4 nm. Composition
analysis with x-ray photoelectron spectroscopy (XPS) and FTIR indicated
that the surface termination of the porous structure is different for water
etched and calcined samples.

development of mld processes using alkylamine metal pre-
cursors

In the course of this thesis, novel MLD processes for the deposition of tita-
nicone, vanadicone, and tincone were developed using alkylamine metal
precursors. The precursors that were investigated are tetrakisdimethylami-
notitanium (TDMAT), tetrakisethylmethylaminovanadium (TEMAV), and
tetrakisdimethylaminotin (TDMASn). MLD processes for the deposition
of vanadicone and tincone have never before been reported. The film thick-
ness was monitored during the deposition with in situ SE. This allowed
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for the validation of the developed MLD processes. The linearity, the self-
limiting nature of the surface reactions, and the temperature window were
verified for the three metalcones.

The processes with GL as the organic reactant displayed linear and
continued growth up to a large number of cycles. The gas-surface reac-
tions were observed to be self-limiting by measuring so-called “saturation
curves”. In this measurement, the growth per cycle (GPC) is evaluated as
a function of the precursor and reactant exposure time. When the GPC
does not increase further (saturates) with increasing exposure time, it is
an indication of self-limiting reactions. All processes were linear and self-
limiting in a broad temperature window from 100 ◦C to 160 ◦C. Processes
that employed EG as the organic reactant did not exhibit good linearity.
In the course of the first few cycles, the GPC drops quickly below 0.1 Å.
Therefore, the EG-based MLD processes were not investigated further. The
rapid decrease in GPC is attributed to double reactions of EG with the sub-
strate surface. These double reactions occupy active surface sites without
creating new sites for continued growth.

After deposition, the composition, surface morphology, and other prop-
erties were examined. Composition analysis with XPS and FTIR confirmed
the hybrid organic-inorganic nature of the films. Microscopy techniques
(SEM and AFM) showed that the surface of the as deposited films is
smooth and has a low roughness. The values for the density and refractive
index of the films, measured by x-ray reflectivity (XRR) and SE, were seen
to be much lower than the values for their respective bulk metal oxides.

metalcones as electrodes for li ion batteries

The hybrid organic-inorganic titanicone, vanadicone, and tincone films
from the previous section were investigated as thin film electrodes for
lithium ion batteries. It is proposed that hybrid, thin film electrodes de-
posited by MLD may improve on existing electrodes in three ways. Firstly,
flexible electrodes could be devised by exploiting the inherent flexibility
of MLD films, due to the incorporation of carbon chains in the films.
Secondly, metalcone films can be transformed into porous metal oxides,
which leads to porous electrode films. Thirdly, MLD films can also be
transformed into composite carbon/metal oxide films by pyrolysis in inert
atmosphere. Carbon-containing, composite electrodes have been shown to
possess an improved conductivity which is interesting for electrodes.
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The second and third ideas can only be realized by applying heat and
water etching treatments to the as deposited films. The heat treatments
consisted of a thermal anneal with a rate of 10 ◦C min−1 up to a temper-
ature of 500 ◦C. Composition and crystallinity analysis by XPS and x-ray
diffraction (XRD) measurements showed that all metalcone films annealed
in air are transformed into dense, metal oxide films. In other words, these
films can’t be investigated for the “porous electrode” idea. Titanicone and
vanadicone films annealed in inert atmosphere (He) preserved their car-
bon content and remained amorphous. These films are useful for the "elec-
trode with improved conductivity" idea. The tincone films behaved differ-
ently and crystallized into SnO with little remaining carbon inside the
films. Hence, the third idea can’t be tested for these films. Water etch-
ing treatments were also attempted on the films to transform them into
porous metal oxides. This was only successful for titanicones. The vana-
dicone and tincone films delaminated from the substrate in the course of
this treatment.

As deposited, heat treated and water etched metalcone films were in-
vestigated as electrodes for lithium ion batteries. The films were tested
with cyclic voltammetry (CV), rate performance and cyclability measure-
ments on a three-electrode test cell setup. CV measurements on the as
deposited films revealed that they were electrochemically inactive. Hence,
the "flexible electrode" idea does not work for these metalcones. The water
etched titanicone films did show electrochemical activity, but the activity
was not related to lithiation and delithiation reactions. The porous struc-
ture of the film allows direct contact between the electrolyte and current
collector, which leads to multiple side reactions. The films annealed in in-
ert and oxidizing atmospheres did exhibit capacitive behaviour in the CV
measurements.

Next, the rate performance of the heat treated films was tested and com-
pared to reference metal oxide electrode films. During rate performance
measurements, the electrode is charged and discharged at increasingly
higher currents, and the effect on the effective capacity of the electrode is
measured. For the titanicone and vanadicone films, an improved capacity
retention at higher charge rates was observed. This shows that the “elec-
trode with improved conductivity” idea holds promise. The tincone films
performed similar as the reference electrode. The reason for this can be
found in the lithiation mechanism of tin oxide. During lithiation, tin ox-
ide is first reduced to metallic tin, and then it forms an alloy with lithium.
The first reduction reaction effectively removes any difference between the
tincone and the tin oxide reference films.
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Finally, cyclability measurements were performed on the heat treated
metalcone and reference metal oxide films. These measurements monitor
the evolution of the capacity as the cell is repeatedly charged and dis-
charged with a constant current. The cyclability of titanicone films was
not verified since its lithiation mechanism does not cause any structural
or volume changes. The cyclability of the He-annealed vanadicone elec-
trodes was observed to be much improved with respect to reference V

2
O

5

electrodes. This again shows the viability of the “electrode with improved
conductivity” idea. The cyclability of both the tincone and the reference
SnO

2
electrodes was poor. The alloying lithiation mechanism causes large

structural changes in the film, which have detrimental effects on the cyclic
performance.

In summary, it has been shown that the flexible and porous electrode
ideas were dead ends for the investigated metalcone materials. The “elec-
trode with improved conductivity” idea was, however, successful for the
titanicone and vanadicone films, for which improved rate performance
and cyclability was observed.





N E D E R L A N D S TA L I G E S A M E N VAT T I N G

inleiding en onderzoeksdoelen

Moleculair laag depositie (MLD) is een techniek voor het afzetten van
dunne films die steunt op zelflimiterende gas-oppervlak reacties. MLD
stamt af van atomaire laag depositie (ALD) en erft er een aantal aantrekke-
lijke eigenschappen van, zoals sub-nanometer controle over de dikte en
uitstekende conformaliteit op complexe structuren. MLD onderscheidt
zich van ALD door het gebruik van organische reactanten zoals ethyleen
glycol (EG) en glycerol (GL) in combinatie met metaal-organische precur-
soren. Organische fragmenten worden ingebouwd in de groeiende film.
Dit leidt tot de depositie van hybride organische-anorganische films ge-
naamd “metalcones”. MLD processes voor alucone, titanicone, zincone,
zircone, en hafnicone zijn reeds gerapporteerd in de literatuur. Een inter-
essante eigenschap van metalcone films is dat ze getransformeerd kunnen
worden in nanoporeuze metaaloxide films door calcinatie in lucht of in
water etsen (Liang et al., 2009). Hybride organische-anorganische MLD
films hebben een breed potentieel toepassingsgebied, o.a. in flexibele elek-
tronica, katalyse, luminescente materialen, lichtconversie, en lithium ion
batterijen.

Drie onderzoeksdoelen werden gedefinieerd aan de start van dit doctor-
aat. Het eerste doel is om de transformatie van metalcone films in poreuze
metaaloxides van nabij te bestuderen. In dit werk werd de transformatie
van alucone onder de loep genomen. Het tweede doel is om MLD pro-
cessen te ontwikkelen die gebruik maken van alkylamine metaalprecurso-
ren. Dit type van precursor is gekend in de ALD literatuur maar werd tot
nu toe nog nooit gebruikt voor MLD. Hier werden alkylamine precursoren
voor titanium, vanadium en tin geïntroduceerd in MLD processes voor re-
spectievelijk titanicone, vanadicone en tincone. Het derde en laatste doel
is om de toepassing van metalcone films als dunne film electrodes voor
lithium ion batterijen te onderzoeken. Voorafgaand aan dit werk bestond
er slechts één rapport over de synthese van een electrode voor lithium ion
batterijen via MLD, namelijk lithium terephthalate.

11
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transformatie van alucone in poreuze alumina

Alucone kan omgevormd worden in nanoporeuze alumina door calci-
natie in lucht bij 500 ◦C en door te etsen in gedeïoniseerd water. Om
het transformatieproces te kunnen bestuderen hebben we allereerst alu-
cone films nodig. Hiervoor werden twee bestaande MLD processen voor
de depositie van alucone geïmplementeerd. Trimethylaluminium (TMA)
fungeert als de aluminium precursor, en ofwel EG of GL dient als het
organisch reactant. Om dit te verwezenlijken werden twee MLD reac-
toren ontwikkeld waarop in situ spectroscopische ellipsometrie (SE) en
infraroodspectroscopie (FTIR) uitgevoerd kunnen worden. Het transfor-
matieproces werd onderzocht met ellipsometrische porosimetrie (EP) als
de primaire karakterisatietechniek om de porositeit, poriegroottedistribu-
tie (PSD) en porievorm te bepalen.

Beide behandelingen slaagden erin om alucones die werden afgezet met
het TMA/EG proces te transformeren in poreuze alumina met een poro-
siteit van ongeveer 40%. Cilindrische poriën met een gemiddelde grootte
van 7 nm werden opgemeten na het etsen in water. De calcinatiebehandel-
ing produceerde poriën met een inktflesvorm en een grootte van slechts
1 nm. De calcinatiebehandeling resulteerde enkel in poreuze films wan-
neer het opgelegde opwarm- en afkoeltempo lager was dan 200 ◦C h−1.
Onder dit kritieke punt werd een relatie tussen het tempo en de poro-
siteit van de film waargenomen. Alucones die afgezet werden met het
TMA/GL konden enkel getransformeerd worden door ze te etsen in wa-
ter. De porositeit van deze films bedroeg 37% en de poriën hadden een
inktflesvorm met een gemiddelde grootte van 4 nm. De samenstelling van
de films werd bepaald met behulp van x-stralen fotoelektron spectroscopie
(XPS) en FTIR. Analyse van de resultaten gaf aan dat het interne opper-
vlak van de poreuze structuur chemisch verschillend is voor de twee be-
handelingen.

ontwikkeling van mld alkylamine metaalprecursoren

Tijdens dit doctoraat werden nieuwe MLD processen voor de depositie
van titanicone, vanadicone en tincone ontwikkeld, die gebruik maken van
alkylamine metaalprecursoren. De volgende precursoren werden onder-
zocht: tetrakisdimethylaminotitanium (TDMAT), tetrakisethylmethylami-
novanadium (TEMAV), en tetrakisdimethylaminotin (TDMASn). Voor dit
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werk bestonden er nog geen MLD processen voor de depositie van vana-
dicone en tincone. De filmdikte werd tijdens het depositieproces gevolgd
met in situ SE. Deze in situ techniek liet toe om de ontwikkelde MLD
processen te valideren. De lineariteit, de zelflimiterende reacties en het
temperatuursvenster werden geverifieerd voor de drie metalcone MLD
processen.

De processen met GL als het organisch reactant vertoonden lineaire en
continue groei tot een hoog aantal uitgevoerde cycli. De zelflimiterende
aard van de gas-oppervlak reacties werd waargenomen door zogenaamde
“saturatiecurves” op te meten. Tijdens deze meting wordt de groei per cy-
clus (GPC) bekeken als functie van de precursor en reactant pulstijd. Een
duidelijk bewijs voor zelflimiterende reacties wordt geobserveerd wan-
neer de GPC niet verder toeneemt (saturatie) bij toenemende pulstijden.
Alle processen vertoonden lineair en zelflimiterend gedrag in een breed
temperatuursvenster van 100 ◦C tot 160 ◦C. Processen die gebruikt maak-
ten van EG als het organisch reactant vertoonden geen lineaire groei. Tij-
dens de eerste MLD cycli zakt de GPC snel onder 0.1 Å. Om deze reden
werden EG-gebaseerde MLD processen niet verder onderzocht. De snelle
daling van de GPC wordt verklaard door het optreden van dubbele reac-
ties van EG met het substraatoppervlak. Deze dubbele reacties blokkeren
actieve sites op het oppervlak zonder er nieuwe te voorzien om de groei
verder te zetten.

De filmsamenstelling, morfologie en andere eigenschappen van de films
werden bekeken na het depositieproces. De filmsamenstelling, opgemeten
met XPS en FTIR, bevestigt de hybride organische-anorganische aard van
de films. Met behulp van microscopische technieken (SEM en AFM) werd
aangetoond dat het oppervlak van de films glad is en een lage ruwheid
vertoont. De waarden voor de dichtheid en brekingsindex van de films
werden gemeten met x-stralen reflectiviteit (XRR) en SE, en zijn significant
lager dan de gekende waarden voor de respectievelijke metaaloxides.

metalcones als elektrodes voor lithium ion batterijen

De hybride organische-anorganische titanicone, vanadicone en tincone
films werden onderzocht voor toepassing als een dunne film elektrode
voor lithium ion batterijen. We stellen ons drie manieren voor waarop hy-
bride, dunne film elektrodes die afgezet werden met MLD bestaande elek-
trodes kunnen verbeteren. Ten eerste bezitten MLD films van nature een
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bepaalde flexibiliteit doordat ze organische ketens bevatten. Deze flexi-
biliteit kan gebruikt worden om flexibele elektrodes te creëren. Ten tweede
kunnen metalcone films omgevormd worden tot poreuze metaaloxide
films via calcinatie en water etsen. Hiermee kunnen eventueel poreuze
elektrodes ontwikkeld worden. Ten derde kunnen MLD films ook getrans-
formeerd worden in samengestelde koolstof/metaaloxide films door py-
rolyse in een inerte atmosfeer. Voor deze films werd er reeds gerappor-
teerd dat deze een verhoogde geleidbaarheid bezitten, wat interessant is
voor elektrodes.

De laatste twee manieren kunnen enkel gerealiseerd worden met be-
hulp van uitgloei- en waterbehandelingen van de metalcone films. De uit-
gloeibehandelingen werden uitgevoerd aan een opwarm- en afkoeltempo
van 10 ◦C min−1 tot een eindtemperatuur van 500 ◦C. De samenstelling en
kristalliniteit van de films werden bepaald met XPS en röntgendiffractie
(XRD). Alle metalcones die werden uitgegloeid in lucht transformeerden
in dichte metaaloxide films. Hieruit besluiten we dat deze films niet bruik-
baar zijn voor het idee omtrent “poreuze elektrodes”. Titanicone en vana-
dicone films die uigegloeid werden in inerte atmosfeer (He) behielden
hun koolstofcomponent en bleven amorf. Deze films kunnen dienen als
“elektrodes met verhoogde geleidbaarheid”. De tincone films gedroegen
zich anders en kristallizeerden in SnO met een kleine overblijvende ho-
eveelheid koolstof. Het derde idee kan dus niet getest worden voor deze
films. Er werd ook geprobeerd om de films poreus te maken door ze te
etsen in water. Dit werkte enkel voor titanicone films. De vanadicone en
tincone films kwamen los van het substraat tijdens de behandeling.

Onbehandelde en behandelde metalcone films werden onderzocht als
elektrodes voor lithium ion batterijen. De volgende metingen werden uit-
gevoerd op de films in een drie-elektrode testcel: cyclovoltammetrie (CV),
en capaciteitsbehoud bij hoge laadtempo’s en bij herhaaldelijk op- en ont-
laden. De onbehandelde films vertoonden geen elektrochemische activiteit
tijdens de CV metingen. Hieruit blijkt dat het idee voor “flexibele elek-
trodes” niet werkt voor deze metalcones. De titanicone films geëtst in wa-
ter waren wel elektrochemisch actief. De gemeten activiteit was echter niet
gerelateerd aan lithiatie- en delithiatiereacties. De poreuze structuur van
de film liet direct contact tussen het elektrolyt en de stroomafvoer toe, wat
verschillende zijreacties veroorzaakte. De films die werden uitgegloeid in
inerte en oxiderende atmosfeer vertoonden wel capacitief gedrag tijdens
de CV metingen.
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Vervolgens werd het capaciteitsbehoud bij toenemende laadtempo’s ge-
test voor de uitgegloeide metalcone films en vergeleken met referentie
metaaloxide films. Tijdens deze testen wordt de elektrode herhaaldelijk
op- en ontladen met toenemende laadstromen en wordt het effect op de
effectieve capaciteit van de elektrode gemeten. Voor de titanicone en va-
nadicone films werd een verbeterde capaciteit bij hoge laadstromen geob-
serveerd. Dit toont aan dat het idee voor de “elektrodes met verhoogde
geleidbaarheid” toegepast kan worden. De metingen van de tincone films
waren zeer analoog aan die voor de referentie tinoxide films. Dit kan verk-
laard worden door het lithiatiemechanisme van tinoxide. Tijdens lithiatie
wordt tinoxide eerst gereduceerd naar metallisch tin, waarna het vervol-
gens een legering vormt met lithium. Na de eerste reductie bestaat er geen
verschil meer tussen de tincone films en de tinoxide referenties.

Tot slot werd het capaciteitsbehoud bij herhaaldelijk op- en ontladen
onderzocht voor de behandelde metalcones en de referentie metaalox-
ide films. Tijdens deze metingen wordt de evolutie van de capaciteit tij-
dens het meervoudig op- en ontladen van de elektrode met een con-
stante stroom gemonitord. Deze test is niet uitgevoerd voor titanicone
films aangezien het lithiatiemechanisme van deze films geen structurele
of volumeveranderingen met zich meebrengt. Het capaciteitsbehoud van
de vanadicone films die zijn uitgegloeid in een He atmosfeer bleek veel
beter te zijn dan die van de V

2
O

5
referenties. Dit toont opnieuw aan dat

het idee voor de “elektrodes met verhoogde geleidbaarheid” een positief
effect heeft. Het capaciteitsbehoud van de tincone en SnO

2
referenties was

ondermaats. De legeringsvorming tijdens het opladen brengt grote struc-
turele veranderingen met zich mee. Deze veranderingen hebben een nadel-
ing effect op de levensduur van de elektrode.

Samengevat werd er aangetoond dat de ideeën voor flexibele en poreuze
elektrodes niet bruikbaar waren voor de onderzochte metalcones. Het
idee voor “elektrodes met verhoogde geleidbaarheid” bleek echter wel
succesvol te zijn voor titanicone en vanadicone films, waarvoor er een
verbeterd capaciteitsbehoud bij hoge laadstromen en herhaaldelijk laden
werd waargenomen.





Part II

I N T R O D U C T I O N

Here and elsewhere we shall not obtain the best insight into things
until we actually see them growing from the beginning.

– Aristotle
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I N T R O D U C T I O N

1.1 thin film deposition

A thin film is a layer of material ranging from fractions of a nanometer
(monolayer) to several micrometers in thickness, according to Wikipedia
[11]. Thin films are applied in almost every aspect of our everyday life.
Applications range from the common household mirror to solar cells and
batteries.

Over the years, many thin film deposition techniques have been devel-
oped to apply thin films to a variety of substrates. The ultimate choice on
which technique is best suited for the application at hand depends on the
thickness and material requirements of the thin film, and cost. Most depo-
sition methods can be divided into two categories, depending on the ori-
gin of the deposition process: chemical or physical. Well-known chemical
deposition techniques are plating (electroplating), spin coating, chemical
solution deposition (CSD), chemical vapor deposition (CVD), and atom-
ic/molecular layer deposition (ALD/MLD). Physical deposition methods
include molecular beam epitaxy (MBE), sputtering, electron beam evapo-
ration, and pulsed laser deposition.

In this work, mainly atomic and molecular layer deposition methods
were applied for the deposition of the thin films under study. In the fol-
lowing sections, an introduction to ALD and MLD will be given.
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ALD is able to meet the needs for atomic layer control
and conformal deposition using sequential, self-limiting
surface reactions. A schematic showing the sequential, self-
limiting surface reactions during ALD is displayed in Figure
1.5 Most ALD processes are based on binary reaction
sequences where two surface reactions occur and deposit a
binary compound film. Because there are only a finite number
of surface sites, the reactions can only deposit a finite number
of surface species. If each of the two surface reactions is
self-limiting, then the two reactions may proceed in a
sequential fashion to deposit a thin film with atomic level
control.

The advantages of ALD are precise thickness control at
the Ångstrom or monolayer level. The self-limiting aspect
of ALD leads to excellent step coverage and conformal
deposition on high aspect ratio structures. Some surface areas
will react before other surface areas because of different
precursor gas fluxes. However, the precursors will adsorb
and subsequently desorb from the surface areas where the
reaction has reached completion. The precursors will then
proceed to react with other unreacted surface areas and
produce a very conformal deposition.

The self-limiting nature of the surface reactions also
produces a nonstatistical deposition because the randomness
of the precursor flux is removed as an important factor. As
a result, ALD films remain extremely smooth and conformal
to the original substrate because the reactions are driven to
completion during every reaction cycle.6 Because no surface
sites are left behind during film growth, the films tend to be
very continuous and pinhole-free. This factor is extremely
important for the deposition of excellent dielectric films.7

ALD processing is also extendible to very large substrates
and to parallel processing of multiple substrates. The ALD
precursors are gas phase molecules, and they fill all space
independent of substrate geometry and do not require line-
of-sight to the substrate. ALD is only limited by the size of
the reaction chamber. The ALD process is also dominated
by surface reactions. Because the surface reactions are
performed sequentially, the two gas phase reactants are not
in contact in the gas phase. This separation of the two
reactions limits possible gas phase reactions that can form
particles that could deposit on the surface to produce granular
films.

The use of the term “ALD” dates back approximately to
2000. Prior to 2000, the term atomic layer epitaxy (ALE)
was in common use.8-13 Other terms have been used to
describe ALD, including binary reaction sequence chemis-
try14 and molecular layer epitaxy.15 The transition from ALE

to ALD occurred as a result of the fact that most films grown
using sequential, self-limiting surface reactions were not
epitaxial to their underlying substrates. Moreover, amorphous
films were most preferred for dielectric and diffusion barrier
applications. Consequently, the use of ALD grew in prefer-
ence and now dominates with the practitioners in the field.

The history of ALE and ALD dates back to the 1970s in
Finland. The original pioneer of ALE was Tuomo Suntola,
who demonstrated some of the first ALE processes as early
as August/September 1974.16 The first ALE system devel-
oped was ZnS.16 The first ALE patent emerged in 1977.17

The first literature paper on ALE appeared in 1980 in Thin
Solid Films.18 The first application of ALE was electrolu-
minescent displays. The first public display of an ALE device
was an electroluminescent display that operated in the
Helsinki airport from 1983 to 1998. The first commercial
ALE reactor was the F-120 sold by Microchemistry in 1988.
The first of a series of ALE meetings was held in 1990 and
continued through 1996. The first of a series of yearly ALD
meetings was held in 2001 and has continued through the
present date.

Many earlier reviews have addressed the basics of ALE
or ALD.5,8,11,12,19-21 Many previous reviews have considered
the application of ALE or ALD to microelectronics and
nanotechnology.19,22-27 The intent of this present review is
not to duplicate these previous reviews. Instead, this review
is focused on an overview of key concepts and new directions
in ALD. The semiconductor roadmap is coming to an end
in a few years because of the limits of the current electronic
materials. For continued progress, the future for electronic
materials will embrace as yet undefined paradigms. ALD will
almost certainly be part of the new paradigms because of its
ability to control deposition on the atomic scale and to deposit
conformally on very high aspect ratio structures.

2. Al2O3 ALD as a Model ALD System
The ALD of Al2O3 has developed as a model ALD system.

An earlier extensive review by Puurunen has previously
discussed the details of Al2O3 ALD.20 Consequently, this
section will only mention the highlights of Al2O3 ALD. Al2O3
ALD is usually performed using trimethylaluminum (TMA)
and H2O. The first reports of Al2O3 ALD using TMA and
H2O date back to the late 1980s and early 1990s.28,29 More
recent work in the semiconductor industry is using TMA
and ozone for Al2O3 ALD.30,31 This review will concentrate
on Al2O3 ALD using TMA and H2O.

The surface chemistry during Al2O3 ALD can be described
as5,14,32

where the asterisks denote the surface species. The Al2O3
ALD growth occurs during alternating exposures to TMA
and H2O. Al2O3 ALD is a model system because the surface
reactions are very efficient and self-limiting. The main driver
for the efficient reactions is the formation of a very strong
Al-O bond. The overall reaction for Al2O3 ALD is

Figure 1. Schematic representation of ALD using self-limiting
surface chemistry and an AB binary reaction sequence. (Reprinted
with permission from ref 5. Copyright 1996 American Chemical
Society.)

(A) AlOH* + Al(CH3)3 f AlOAl(CH3)2* + CH4
(1)

(B) AlCH3* + H2O f AlOH* + CH4 (2)

2Al(CH3)3 + 3H2O f Al2O3 + 3CH4

!H ) -376 kcal (3)
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Figure 1.1: Illustration of an ALD cycle [22].

1.2 atomic layer deposition

Atomic layer deposition (ALD) is a chemical, thin film deposition method
that is characterized by its unparalleled sub-nanometer thickness control
and conformality. The first research on ALD dates back to the 1960s in
the former Soviet Union. Due to political and language barriers at that
time, this research was never introduced to the global researchers commu-
nity. Ten years later, Tuomo Suntola independently re-discovered ALD, or
atomic layer epitaxy (ALE) as it was called then, in Finland [33]. Since the
discovery of ALD, the library of materials that can be deposited has grown
exponentially: metal oxides, nitrides, sulfides, pure metals, and more.

Most ALD processes are based on binary reactions where each precur-
sor or reactant reacts with the substrate surface separately and sequen-
tially. An important property for these reactions is that they need to be
self-limiting. This means that the reaction must come to an end when
all accessible surface sites have been reacted with. This property ensures
that the thin film can be built up in a controlled fashion. The precursor
and reactant are introduced in the reaction chamber separately to avoid
direct reactions and allow the thin film to be constructed in a layer-by-
layer fashion. Since the precursors and reactants are in the gas phase, this
self-limiting behaviour also gives ALD excellent conformality on complex
3D structures. Given enough time, the precursor and reactant molecules
are able to reach every spot on the structure. Since the reactions are self-
limiting, the layer thickness will be identical at every position on the struc-
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ture. This is not the case for line-of-sight techniques, such as sputtering, or
decomposition-based depositions, such as CVD. The self-limiting nature
of the reactions can be verified by measuring the film growth at increas-
ing precursor and reactant exposure times. At a certain exposure time, the
film growth should saturate and not increase any further.

1.2.1 The ALD process

An ALD process is a sequence of so-called “cycles”. Ideally, in each cycle
a monolayer of the material is deposited. In reality, however, less than a
monolayer is deposited since the size of the precursor molecules is greater
than the spacing between surface sites (steric hindrance). Each cycle con-
sists typically of four steps which are illustrated in figure 1.11.1.

1. Exposure to precursor A: The surface of the substrate is exposed to
precursor A until all accessible surface sites have reacted with the
precursor. The surface is then saturated.

2. Purge of precursor A: All gaseous remnants of precursor A and
reaction products are removed from the reaction chamber.

3. Exposure to reactant B: The surface of the substrate is exposed to
reactant B until saturation is reached.

4. Purge of reactant B: All remnants of reactant B and reaction prod-
ucts are removed.

Due to the cyclic nature of an ALD process, the resolution of the thick-
ness control that can be attained is equal to the film growth of one cycle.
This resolution or growth per cycle is usually in the 1 Å (1 Ångström =
0.1 nm) range.

Ideal ALD growth can only be obtained in a certain window in sample
temperature. The window is shown graphically in figure 1.21.2. The lower
temperature range is limited by condensation or incomplete reactions.
Condensation of precursors or reactants leads to high and uncontrolled
growth rates. Incomplete reactions appear self-limiting, but the grown
film contains impurities. The high temperature limit is defined by precur-
sor/reactant decomposition, or desorption and/or a decrease in available
surface sites. The GPC within the temperature window is not necessar-
ily a constant value and can be dependent on the sample temperature.
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Figure 1.2: The ALD temperature window.

Linear growth is still observed as long as saturated surface reactions are
maintained, and the sample temperature remains constant.

1.2.2 Reactor design

Many designs for an ALD reactor are possible. Most designs can be as-
signed to either the flow-type or pump-type category.

In pump-type reactors, the reaction chamber remains under high vacuum
(∼ 10−6 mbar) in between precursor and reactant exposures with the aid
of a turbomolecular pump. The main advantage of pump-type reactors is
that the shape and size of the reaction chamber is not of high importance.
Windows, viewports and probes can be easily attached to the system to
allow in situ measurement techniques such as ellipsometry, infrared and
emission spectroscopy. A disadvantage of this reactor type is that the cycle
duration is generally larger than for flow-type reactors.

Flow-type reactors utilize an inert carrier gas that flows through the re-
action chamber continuously. This carriers gas is ideally in laminar flow
and carries the precursors through the system. This means that the pre-
cursors and reactants travel through the system in a well-defined way,
which allows for short cycle times. This reactor type does not require a
turbomolecular pump and can operate at a pressure of about ∼ 1 mbar.
In order to attain laminar flow through the reactor, the shape of the reac-
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tor must be well-considered and does not allow for much flexibility in a
research environment.

1.2.3 Advantages and disadvantages

The main advantages of ALD when compared to other deposition tech-
niques are:

• Sub-nm thickness control: The self-limiting nature of the reactions
with the substrate enable layer-by-layer film growth. The thickness
of the thin film can easily be controlled by choosing the number of
ALD cycles to perform.

• Conformality: The precursors and reactants are introduced in the
reactor in the gas phase, which allows them to reach every spot on
the surface of a complex 3D structure when given enough time. This
observation combined with the self-limiting nature of the gas-solid
reactions gives ALD coatings an unparalleled conformality.

• Low substrate temperature: When compared to many other tech-
niques, the substrate temperature for ALD processes can remain rel-
atively low. The substrate temperature can be further reduced when
a plasma enhanced ALD process (PE-ALD) is chosen over a thermal
process.

• Small amount of impurities: The reaction chemistry for ALD allows
for a low amount of impurities in the grown films.

There are, of course, also several disadvantages to ALD in comparison
with other thin film deposition techniques:

• Slow: A single ALD cycle can take from a few seconds up to a
minute. This makes ALD a relatively slow deposition technique tak-
ing into account that a single cycle adds only a (sub-)monolayer
to the growing film. Ultimately, this will also limit the maximum
achievable thickness of a film grown with ALD.

• High cost: From an economic standpoint, ALD is an expensive tech-
nique. Firstly, the deposition reactor requires specialized vacuum
equipment. Secondly, most precursors are specially developed for
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Figure 1.3: Illustration of the TMA/water ALD process for the deposition of Al
2
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these processes, which makes them costly. It is expected that the
precursor cost will decrease as ALD is commercialized further.

• Complex compounds: For the deposition of binary compounds, ALD
is relatively straightforward. Ternary, quaternary and even more
complex compounds are a different matter altogether.

1.2.4 Example: ALD of alumina

The ALD process for the deposition of aluminium oxide (Al
2
O

3
) is consid-

ered by many to be an example of an ideal ALD process. The process is a
binary, thermal process with trimethylaluminium (TMA, Al(CH

3
)
3
) as the

metal precursor and water (H
2
O) as the reactant. The process is shown

schematically in figure 1.31.3.

The surface chemistry of the process can be described with two reac-
tions. The first reaction is a ligand exchange reaction between gaseous
TMA and the hydroxyl (OH) groups on the substrate surface (∥), where
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methane gas (CH
4
) is produced as a byproduct. When the surface is satu-

rated, all excess TMA and CH
4

is removed from the reaction chamber.

∥ Al − OH + Al (CH3)3 (g) −→ ∥ Al − O − Al (CH3)2 + CH4(g).

The second reaction is between gaseous water and the methyl groups on
the substrate surface. After the reaction, new hydroxyl groups are present
on the surface and available for the next ALD cycle. Methane gas is pro-
duced again as the result of this reaction.

∥ Al − CH3 + H2O(g) −→ ∥ Al − OH + CH4(g).

Both reactions can be summarized in a single total reaction that clearly
shows the formation of Al

2
O

3
.

Al (CH3)3 (g) +
3
2

H2O → 1
2

Al2O3(s) + 3CH4(g).

1.3 molecular layer deposition

Since the initial development of ALD, large research efforts have been in-
vested in expanding the vast library of materials that can be deposited
with ALD. A relatively recent event is the introduction of organic chem-
istry in the processes. Due to the huge amount of possible organic pre-
cursors and reactants, it was decided to label this new variant of ALD
molecular layer deposition (MLD).

The original definition of MLD was the sequential, self-limiting growth
of organic polymers [44, 55]. The first MLD polymer films were deposited by
Japanese research groups via stepwise condensation reactions [66–99]. MLD
is also known as alternating or epitaxial vapor deposition polymerization.
More recently, traditional ALD metal precursors have been combined with
organic reactants [1010]. This allows the growth of hybrid organic-inorganic
films. The deposition process of these hybrid materials is also labeled
MLD and hence the original definition was adapted. The main difference
between ALD and MLD is that for MLD processes larger molecular frag-
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ments can be built into the growing film each cycle. On the other hand,
ALD growth is limited to a single monolayer (ideally) per cycle.

1.3.1 Metalcones

The first hybrid films that were deposited with MLD are polymeric alu-
minium alkoxides [1111]. Trimethylaluminium (TMA) was used as the metal
precursor since it is the traditional aluminium precursor for ALD of alu-
mina. The organic reactant was ethylene glycol (EG). This MLD process
will be discussed in further detail in section 1.3.21.3.2. Although it was the
first MLD process for a hybrid organic-inorganic film, it was not the first
time that this type of polymeric aluminum alkoxides was grown. In a
previous study, these aluminium alkoxides have been dubbed “alucones”
[1212]. Since then, metal alkoxide hybrid materials have been labeled “met-
alcones”.

Processes for the growth of various metalcones have been reported: alu-
cone [1111, 1313–1515], titanicone [1616, 1717], vanadicone [1818], zincone [1919, 2020], zir-
cone [2121], hafnicone [2222], tincone [2323], manganese and cobalt hybrid films
[2424]. The alucone process is one of the most well-studied processes in
the MLD literature since the TMA precursor is well-established in the
ALD literature. In the literature, deposition processes of many different
“flavours” of alucone have been reported. Most of them combine TMA
with various organic reactants: hydroquinone [1313], ethylene glycol (EG)
[1111], ethanolamine and maleic anhydride [2525], aromatic carboxylic acids
[2626], saturated linear carboxylic acids [2727], glycerol (GL) [1414], glycidol [2828],
diols [2929] and triethanolamine [3030].

1.3.2 Example: MLD of alucone

In this section, the goal is to illustrate the first alucone process: the TMA
and EG process. This process serves as a good introduction to MLD chem-
istry and is featured in chapter 33 where the transformation of alucones
into porous alumina films is studied.

The TMA/EG process is analogous to the TMA/water ALD process.
The main difference is that ethylene glycol replaces water as the reac-
tant. Ethylene glycol (HO−CH

2
−CH

2
−OH) is a homobifunctional reac-
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Self-saturated chemisorption

Ethylene glycol pulse

TMA pulse

One (sub)monolayer of alucone
New OH-groups at the surface

Figure 1.4: Illustration of the TMA/EG MLD process for the deposition of alucone.

tant since it contains two hydroxyl groups. In this sense, EG will behave
similarly to water during the MLD process. The process is shown schemat-
ically in figure 1.41.4. The first part of the MLD cycle is the TMA exposure
and is identical to the TMA/water ALD process. The second part, the
EG exposure, is different and figure 1.41.4 clearly shows the integration of
an organic chain (−CH

2
−CH

2
−) into the growing film. The two surface

reactions that take place are as follows.

∥ −OH + Al (CH3)3 (g) −→ ∥ −O − Al (CH3)2 + CH4(g)

∥ −AlCH3 + HO (CH2)2 OH (g) −→ ∥ −AlO − (CH2)2 OH + CH4(g)

The growth rate of the TMA/EG process is reported to be strongly tem-
perature dependent. The growth per cycle varies from 4.0 Å at 85 ◦C to
0.4 Å at 175 ◦C, as is shown in figure 1.51.5.

A possible issue that can occur with the use of EG as the reactant is
that it may react twice with the surface. The EG can bridge two surface
sites without providing new, unoccupied sites for the next MLD cycle. As
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Figure 1.5: (Left) Saturation curves for EG and GL exposures during TMA/EG
and TMA/GL MLD processes. The TMA pulse duration was kept constant at 5

s. (Right) The temperature dependency of the growth rate for the TMA/EG and
TMA/GL processes.

a result, the growth rate will decrease steadily in the course of the process.
This has been observed in the literature for alucone [1111] and zincone [1919]
processes. In this thesis, this effect has also been observed for the deposi-
tion of titanicone (chapter 55), vanadicone (chapter 66), and tincone (chapter
77) with alkylamine metal precursors.

A straightforward way to circumvent the double reaction problem is
to use a different reactant. Glycerol is a homotrifunctional reactant that
possesses three hydroxyl groups. Even if the glycerol succeeds in reacting
twice with the surface, it will still have a third, freely available hydroxyl
group. The structure of the glycerol molecule also allows for stronger
cross-linking between the organic chains in the growing film, which re-
sults in a stronger, more stable alucone film. This is reflected in the much
less temperature-dependent growth rate (figure 1.51.5). In this work, glycerol
has been used extensively for the development of new MLD processes. An-
other option is to introduce heterobifunctional reactants in the process [2525,
3131]. These reactants possess two different reactive groups. For example,
ethanolamine contains both an OH and an NH

2
group.

1.3.3 Properties of MLD films

Hybrid organic-inorganic films deposited by MLD possess a low density
and refractive index that is close to the values for organic polymers. For
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Figure 1.6: Refractive index measured using ellipsometry versus fraction of ALD
cycles for the alucone alloy films. Reproduced from [3232].

example, alucone deposited with the TMA/EG process has a density of
1.6 g cm−3 and a refractive index of 1.45 (at 600 nm). Purely inorganic ALD
films typically have a much higher density and refractive index. Mixing
of MLD and ALD cycles results in a hybrid film with a density and refrac-
tive index in between the pure ALD and MLD values. The density and
refractive index of the resulting film can be tuned by varying the ratio
of ALD to MLD cycles [3232], as is shown in figure 1.61.6. This also holds for
other properties such as the elastic modulus and hardness.

Many alucone films, such as those deposited with the TMA/EG pro-
cess, are unstable in ambient atmosphere due to sensitivity to water [1111,
3333]. The timescale on which the degradation of the film occurs is highly de-
pendent on the alucone “flavour” and the atmospheric conditions. It can
range from a few hours to a few months. In this thesis, the degradation
was studied, and will be discussed in more detail in chapter 33. Precautions
were taken to store all samples in an argon glovebox when they were not
needed.

Metalcone films deposited by MLD provide a method to conformally
coat a complex 3D structure with a nanoporous metal oxide film. Water
etching and calcination treatments have been shown to remove the organic
groups from the film, leaving behind a porous inorganic film [3434]. Vary-
ing the length of the organic chains in the films allows the size of pores to
be tuned to some extent [3535]. The influence of other parameters involved
in the treatment, such as the temperature ramp rate for calcination, has
been investigated in chapter 33 in this work. The main advantage of MLD
over other thin film deposition techniques as CVD and spin coating is that
MLD is able to conformally coat high aspect-ratio structures with excel-
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Figure 1.7: Conceptual diagram on how to conformally coat a 3D structure with a
nanoporous metal oxide.

lent thickness control. The deposited films can then be transformed into
a nanoporous metal oxide at a later stage. This process flow is presented
graphically in figure 1.71.7.

As deposited metalcone films are usually amorphous due to the organic
component of the films. Crystalline MLD films have been deposited in
the context of metal-organic frameworks. Metal-organic framework (MOF)
materials consist of inorganic cations and organic linkers that are orga-
nized in multidimensional, porous structures. MOFs are interesting for a
number of applications including hydrogen storage, catalysis, drug deliv-
ery, sensors, carbon capture, and more [3636]. Currently, most MOF materi-
als are synthesized using solvothermal methods. In order for MOF materi-
als to break through in micro- and nanofabrication research and industries,
vapor-based deposition processes must be found [3737]. A few MOF materi-
als have already been synthesized using a combination of ALD and MLD:
copper(II)terephthalate [3838] and UiO-66 [3939].

1.4 applications of mld for lithium-ion batteries

As the title of this thesis suggests, the MLD processes and materials in-
vestigated in this work are oriented towards applications for lithium-ion
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batteries. This application was chosen since it is a novel application for
MLD. At the start of this PhD in 2012, there were hardly any publications
on this topic in MLD literature1. At this time, this topic was also gaining
traction in ALD research.

In this section, the lithium-ion battery is introduced, and its current
status discussed. Opportunities and recent advances for MLD in this field
are also presented.

1.4.1 The lithium-ion battery

It is difficult to imagine our current society without lithium-ion batteries.
It seems as if every modern portable device, ranging from smartphones to
electric vehicles, contains a lithium-ion battery. When compared to other
rechargeable batteries (such as lead-acid, NiCd, Ni metal hydride), the
lithium-ion battery achieves the highest energy density. A main reason
for this is that lithium possesses the lowest reduction potential of any
element (−3.02 V vs. the standard hydrogen electrode). Secondly, being
only third in the periodic table of elements makes Li+ one of the smallest
single-charged ions. The lithium-ion battery was first proposed by Stanley
Whittingham in the 1970s[4040, 4141]. Further research by John Goodenough
[4242] finally led to the first commercialization of the battery by Sony in 1991

[4343].

In its essence, a lithium-ion battery is composed of the following ele-
ments:

• A positive electrode

• An electrolyte

• A negative electrode

• Current collectors

Most commercial lithium-ion batteries contain Li
0.5CoO

2
as the posi-

tive electrode, and graphitic carbon as the negative electrode. Electrical
(electron) current extraction from the electrodes is facilitated by current
collectors (Al for the positive electrode, Cu for the negative electrode).

1 Zero papers were found through a Web of Science citation report on the topic “MLD lithium
ion battery”, generated on April 13th, 2019.
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Figure 1.8: Illustration of lithium-ion and electron flow during discharging of a
lithium-ion battery.

The main purpose of the electrolyte is to keep the electrodes electrically
separated (preventing a short-circuit), but allowing lithium-ion conduc-
tion. Typically, the electrolyte is a liquid containing a lithium salt (such as
LiPF

6
or LiClO

4
) dissolved in a solvent (such as propylene carbonate).

In reality, a lithium-ion battery contains several extra components:

• Binder: The active material of the electrodes is ordinarily composed
of micrometer-sized particles. These particles are kept together within
the electrode with a binder. A conductive agent must be added to the
binder to allow a good electrical contact with the current collector
foil.

• Separator: The electrolyte ensures that the electrodes are electrically
insulated, whilst allowing lithium-ion conduction. The electrolyte
is, however, usually a liquid. In order to prevent direct contact be-
tween the electrodes, a non-conducting, porous membrane is added
to physically separate the electrodes.

• Packaging: Most components of the battery are unstable in ambient
atmosphere. Therefore the entire battery must be carefully packaged
to prevent exposure of battery components.
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Figure 1.9: Illustration of lithium-ion and electron flow during charging of a
lithium-ion battery.

When the battery is fully charged, the negative electrode is filled with
lithium. In this state, an energy imbalance exists between the positive and
negative electrodes. From an energy point-of-view, lithium would rather
be stored in the positive electrode in order to minimize its energy. This im-
balance is reflected in an electrochemical potential difference between the
electrodes and defines the voltage of the battery (when it is fully charged).
When the battery is not connected to any load (such as a lamp or smart-
phone), this imbalance will remain since no electrical current can flow
between the electrodes. When the battery is connected to a load, the po-
tential difference between the electrodes will result in an electrical cur-
rent that flows between the electrodes (figure 1.81.8). The negative electron
flow needs to be compensated by a positive lithium-ion flow in order to
maintain the charge balance. Hence, lithium ions are extracted from the
negative electrode and move through the liquid electrolyte to the positive
electrode, where they are inserted. The removal of lithium induces an ox-
idation of the negative electrode. The insertion of lithium in the positive
electrode causes a reduction of the electrode2. During discharge, the cell
voltage does not remain constant, but gradually decreases. The potential is
lowered down to a chosen, safe minimum when the battery is considered
fully discharged3. When the battery is recharged, this entire process is re-

2 Usually the transition metal in the electrode changes oxidation state.
3 Lithium-ion batteries are cycled between set potential boundaries to ensure a reasonable

lifetime of the battery (depth of charge/discharge).



34 introduction

versed (figure 1.91.9). An external power supply is attached to the battery
and a reversed electrical current flows. This causes lithium to “forcibly”
be removed from the positive electrode and be reinserted in the negative
electrode. The energy imbalance is induced again and the cell potential
increases. To prevent overcharging of the battery, the cell potential is only
allowed to increase up to a chosen value.

When considering the performance of a lithium-ion battery, several as-
pects and properties need to be taken into account:

• Capacity: The total charge that the cell can hold.

• Voltage: The potential at which the battery operates. This potential
usually decreases during discharging of the battery.

• Energy and power (density): Energy is the product of the cell volt-
age and capacity4 that indicates the work that the battery can per-
form on an attached load. Power shows the rate at which the battery
can delivery its energy.

• Cyclability: A measure for how many times the battery can be fully
charged and discharged without significant degradation of the ca-
pacity.

• Rate performance: A measure for how fast the battery can be charged
and discharged without a significant loss in capacity. Rate is usually
expressed in C-rate where 1C corresponds to the current that needs
to be applied to charge/discharge the battery in 1 hour (2C corre-
sponds to 30 minutes, 1/2C to 2 hours).

• Coulombic efficiency: The ratio of the total charge extracted from
the battery during discharge, and the total charge inserted during
charging. This ratio gives an indication of the reversibility of the
reactions occurring in the battery and should ideally be as close as
possible to 100%.

4 Assuming the voltage remains constant during discharge. More correctly, energy can be
calculated from galvanostatic (constant current) measurements by I

∫
V(t)dt.
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1.4.2 Recent trends in lithium-ion battery research

Since the introduction of the lithium-ion battery, many research efforts
have been devoted to discovering ways to improve on current, commercial
batteries. Possible improvements include lowering the cost, finding higher
energy and power density electrode materials, and enhancing safety. Here,
several routes towards these improvements that are explored in the litera-
ture will be briefly discussed.

1.4.2.1 Alternative electrodes

Most commercial lithium-ion batteries employ graphitic carbon as the neg-
ative electrode (372 mA h g−1), and lithium cobalt oxide as the positive
electrode (274 mA h g−1). Aside from these tried-and-tested materials, sev-
eral other materials can be considered as potential electrode candidates.
There are several properties that researchers look for when considering
alternative electrode materials:

• High capacity density

• Reversible lithiation/delithiation mechanism

• High (positive) or low (negative) electrode potential (to maximize
the cell voltage)

• Little to no volume changes during charging and discharging

• Abundant, low-cost, and non-toxic material

On the positive electrode side, several improvements can be made over
Li

0.5CoO
2
. Cobalt suffers from a limited availability which makes Li

0.5CoO
2

an expensive electrode material. Also, the electrode is thermally stable
only up to 200 ◦C, which poses several safety concerns and limits the
power it can deliver. Graphite as the negative electrode offers a constant
voltage during charging and discharging, and a reasonable capacity. How-
ever, many higher capacity materials exist. A non-exhaustive selection of
alternative electrode materials is presented in table 1.11.1.
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Table 1.1: A selection of alternative electrode materials that have been considered
in the literature.

Positive electrode Remarks

Li
4
Ti

5
O

12
+ Little volume changes

- Low capacity

Si, Ge, Mn, Sn + High capacity

- Significant volume changes

Li + High capacity

- Unusable due to dentrite formation

Negative electrode Remarks

LiNiO
2

+ Low cost

- Poor cycle life and thermal stability

Li
3
V

2
O

5
+ High capacity

- Poor kinetics and cyclability

LiMn
2
O

4
+ Low cost

- Irreversible phase transformations

1.4.2.2 Solid electrolyte

Lithium-ion batteries for common applications, such as powering mobile
devices, contain a liquid electrolyte. The liquid electrolyte is traditionally
composed of a lithium salt (such as LiPF

6
or LiClO

4
) dissolved in a solvent

(such as propylene carbonate). The flammable nature of these solvents is
a significant safety concern. Liquid electrolytes also impose a minimum
size on the battery and decrease the energy density of the complete battery
due to the extra packaging material and separation membranes needed to
keep the electrolyte contained. The main reason that liquid electrolytes are
so commonly used in lithium-ion batteries, in spite of these disadvantages,
is that they provide an excellent ionic conductivity (∼ 10−2 to 10 S cm−1)
for lithium ions, whilst being electronically insulating.

A solid electrolyte can alleviate the disadvantages of a liquid electrolyte.
There is no need for flammable solvents and their accompanying packag-
ing materials. The removal of the safety concerns can open up possibilities
for lithium-ion batteries in applications with stricter safety requirements
(such as medical applications). Solid electrolytes face two major challenges
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Figure 1.10: Properties of several battery architectures. Left to right: classical bat-
tery, thin film battery, 3D thin film battery.[4545]

that prevent them from breaking through in mainstream devices: (1) low
ionic conductivity (∼ 10−6 S cm−1 for LiPON), and (2) interface instabil-
ity[4444]. The low ionic conductivity can be partially alleviated by reducing
the thickness of the electrolyte layer.

1.4.2.3 Thin film batteries

Applications such as small wireless sensors require extensive miniaturisa-
tion and therefore moving towards an all-solid-state lithium-ion battery.
Further downscaling of the lithium-ion battery can only be made possi-
ble by reducing the size of the electrodes and the solid electrolyte. Thin
film batteries are hence a straightforward route to explore and have the
added benefit that the interfaces between the electrodes and electrolyte
are well-defined. An obvious disadvantage of thinning the electrodes is
a reduction in capacity of the battery. However, the rate performance of
the battery will be improved due to the smaller path length that lithium
ions need to travel during lithiation and delithiation. A way around the re-
duced capacity is to build the battery on a 3D, high aspect-ratio structure,
as is illustrated in figure 1.101.10. In order to build a battery on a complex
3D structure, a deposition technique is required that can achieve excellent
conformality. Atomic layer deposition is such a technique and is being
widely investigated in this context [4646–4848].
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1.4.2.4 Interface engineering

Over the course of its lifetime, the cyclic performance of a lithium-ion
battery will gradually decrease. The majority of processes responsible for
this degradation take place at the interface between the electrodes and
electrolyte. Proper surface engineering is capable of stabilizing these inter-
faces and improving the cycle life and rate performance of the electrodes
[4949]. ALD coatings are extensively studied in this context [4848, 5050]. A nice
example is how a few ALD alumina cycles can improve the capacity re-
tention of a lithium cobalt oxide electrode (figure 1.111.11) [5151].

1.4.3 MLD for lithium-ion batteries

Molecular layer deposition of hybrid organic-inorganic films has several
possible applications in lithium-ion battery research. In this section, sev-
eral opportunities will be presented, along with several results from recent
publications.

1.4.3.1 Interface engineering

Thin, hybrid films could be applied to stabilize the interfaces between the
electrodes and the electrolyte, similarly to what was touched upon in the
previous section for ALD. The added benefit of the hybrid MLD films is
the inherent flexibility of the films due to the incorporated carbon chains.
This could allow the films to better cope with volume changes than purely
inorganic ALD coatings. In the literature, alucone films have been applied
multiple times in this context with promising results.

A thin alucone coating on the carbon-sulfur electrode of Li-S battery
improves its cycle life dramatically, as is shown in figure 1.111.11 [5252]. The
thin alucone also enables the use of carbonate-based electrolytes in Li-S
batteries. These electrolytes obtain safe physical properties at high tem-
peratures, but display issues with the reversibility of the electrochemical
reactions. A thin MLD alucone coating on the sulfur electrode is sufficient
to allow it to complete the reversible electrochemical process [5454].

Silicon anodes possess a high theoretical capacity. Unfortunately, they
suffer from several issues: poor rate capability, poor cyclability and a low
coulombic efficiency. The main reason for these issues is that Si exhibits
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Figure 1.11: Improved cyclic performance of ALD/MLD coated electrodes in Li-
ion batteries. (a) Alumina (ALD) coated lithium cobalt oxide electrodes [5151]. (b)
Alucone (MLD) coated carbon-sulfur cathodes in Li-S batteries [5252].

Figure 1.12: A thin, flexible MLD alucone coating inhibits detrimental Li
2
O forma-

tion during cycling of Si particles. Image reprinted from [5353].
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a large volume change of about 300% during lithium alloying and de-
alloying. The volume changes cause the electrode structure to fracture,
and the Si surface is repeatedly exposed to the liquid electrolyte. This
leads to the formation of a solid-electrolyte interphase (SEI) with detri-
mental effects on the electrochemical performance. A thin alucone coating
is able to protect the Si particles from the liquid electrolyte, while allow-
ing lithium diffusion through the layer during lithiation and delithiation.
The hybrid organic-inorganic coating is also flexible enough to cope with
the volume changes (up to a critical particle size) without breaking. The
difference between coated and non-coated Si particles is illustrated in fig-
ure 1.121.12. The alucone coating thus greatly improves the cyclic and rate
performance of the Si electrode [5353, 5555–5757].

Lithium metal could in principle be an ideal anode material. How-
ever, severe parasitic reactions and lithium dentrite growth at the lithium-
electrolyte interface result in rapid degradation and failure of the battery.
In more recent work, alucone has been grown directly on lithium metal to
stabilize it against dentrite formation and to minimize side reactions with
the liquid electrolyte [5858]. This resulted in a much improved cycle life at
higher C-rates when compared to uncoated lithium electrodes. The me-
chanical flexibility of alucone appears to be crucial to effectively suppress
lithium dentrite formation.

1.4.3.2 Thin film electrodes

Up to now, MLD has only been discussed in the context of stabilization
and protection of electrode materials. In the literature, very few papers re-
port on deposition of electrode materials by MLD. One example is lithium
terephthalate that displays great rate capability. Surprisingly, the hybrid
organic-inorganic films are crystalline as deposited. With the addition of
a thin LiPON solid electrolyte layer, it also displays excellent cyclability
[5959].

In chapters 55, 66 and 88 of this work, three novel hybrid metalcone materi-
als based on Ti, V and Sn are deposited with MLD and investigated. Three
potential ways that lithium-ion batteries can benefit from hybrid electrode
coatings deposited by MLD are explored:

1. Flexible electrode: The hybrid electrodes possess a certain flexibil-
ity originating from the carbon chains inside the film. This flexibility
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could aid in mitigating volume changes due to lithiation and delithi-
ation.

2. Porous electrode: Metalcone films can be transformed into porous
metal oxides through water etching and calcination treatments, as
was explained in section 1.3.31.3.3. Potentially, porous electrodes could
be constructed from metalcones that display improved rate perfor-
mance due to the extra surface area in contact with the electrolyte.

3. Improved electronic conduction: Metalcone films can be transformed
into conducting metal oxide/carbon composite films through pyrol-
ysis in inert atmosphere [6060]. The improved conduction of the films
could also benefit the rate performance of the electrode.

1.4.3.3 Solid electrolyte

A possible route towards solid electrolytes with improved ionic conduc-
tivity are the so-called solid composite electrolytes (SCE). Simply put, SCE
are composed of an inert, dielectric matrix material (such as Al

2
O

3
or

SiO
2
) which is filled with a solid lithium salt (such as LiI or Li

2
CO

3
)

[6161]. SCE rely on heterogeneous doping to improve the ionic conductiv-
ity of the electrolyte. Heterogeneous doping is a known effect where in-
creased ionic conductivity is observed at the interfaces between an inert
solid phase, and an electrolyte. MLD enters this picture as a deposition
method that could potentially conformally coat complex 3D structures
with a thin porous metal oxide film (after transformation of the hybrid
metalcone film). This porous oxide could act as a conformal scaffold that
could be filled with a lithium salt to obtain a solid composite electrolyte
film.

1.5 other applications of mld films

Since the introduction of MLD, many research efforts have been devoted
to devising novel applications for the hybrid organic-inorganic films [6262].
In this section, a brief overview of possible applications, aside from lithium-
ion batteries, will be given.
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Figure 1.13: Flexible organic thin-film transistor. Image reprinted from [6363].

1.5.1 Flexible electronics

The first application of MLD films lies in the fabrication of nanoscale elec-
tronic devices. Currently, a lot of commercial interest exists in the develop-
ment of flexible electronic devices. MLD films have, due to their organic
component, an inherent flexibility. Combining inorganic ALD films with
flexible organic MLD films offers possibilities in the development of flexi-
ble electronics.

The miniaturization of transistors calls for the use of thin and high-k
(non-conducting) films as the gate dielectric. The conformality, excellent
thickness control and good film quality inherent to ALD convinced the
semiconductor industry to embed inorganic ALD films, such as HfO

2
, as

the gate dielectric, despite the relative high cost of ALD. For flexible de-
vices, HfO

2
is not suited as a gate dielectric since it is quite brittle. Lee

et al. mixed ALD layers with self-assembled organic layers (SAOL) de-
posited by MLD and constructed a superlattice with the high-k properties
of inorganic ALD films and the flexibility of organic MLD films (figure
1.131.13). Values of 6 to 11 for k were achieved for TiO

2
- and Al

2
O

3
-based

films, and a value of up to 16 for ZrO
2
-based films [6363, 6464]. The same prin-

ciple was applied by Park et al. on the semiconducting channel layers of
thin film transistors [6565]. Semiconducting ZnO layers, deposited by ALD,
were sandwiched in between SAOL layers. A high field effect mobility of
7 cm2 V−1 s−1 was obtained at 3 V with an on/off current ratio of 106. This
principle was applied again later to memory devices by Han et al. [6666]. A
thin ZnO:Cu charge trap layer was deposited by ALD in between a 6 nm
tunneling and a 20 nm blocking SAOL deposited by MLD.
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Figure 1.14: Stabilization and passivation of Pt nanoparticles. Image reproduced
from [6868].

Poly(3,4-ethylenedioxythiophene) or PEDOT is a transparent and highly
conductive polymer with good chemical stability. It has proved useful
for multiple electronic applications such as organic light emitting diodes
(OLED), capacitors and organic photovoltaics. Atanasov et al. succeeded
in depositing this polymer in a controlled way via an MLD process [6767].
This result opens up further opportunities for this polymer in organic elec-
tronics since MLD allows it to be deposited as a thin film on complex 3D
structures.

1.5.2 Encapsulation

MLD films are applied for the encapsulation of materials in order to pro-
tect them against external influences such as moisture or heat. The water
vapour transmission rate of mixed alumina/alucone films deposited by
ALD and MLD was investigated by Jen et al. Their findings show that the
mixed films may prove to be interesting as flexible gas and vapour diffu-
sion barriers [6969]. This was further investigated by Park et al. with OLEDs
in mind as a possible application and showed promising results [7070, 7171].

As explained in section 1.3.31.3.3, metalcone MLD films can be transformed
into nanoporous metal oxides through water etching and calcination in air.
This combined with the inherent conformality of the MLD process enables
the conformal coating of structures with a porous metal oxide. Supported
platinum nanoparticles with a size less than 2 nm were stabilized with a
porous alumina film by Liang et al. (figure 1.141.14) [6868]. The porous alumina
film was obtained by coating the particles with MLD alucone and calcin-
ing the particles as a post-deposition treatment. The porous alumina coat-
ing stabilized the Pt particles for calcination in air up to 800 ◦C. However,
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Figure 1.15: Luminescent Alq3 MLD coated silica aerogel. Image reproduced from
[7373].

the catalytic activity of the particles was reduced due to the small pore
size of the porous alumina film. The porous alumina coating via MLD
was also applied to copper nanoparticles. Annealing this structure in air
resulted in the formation of copper oxide nanoparticles on the outer sur-
face of the porous alumina structure. The narrow pore size of the porous
alumina acted as a in-diffusion barrier for oxygen, but allowed the out-
diffusion of Cu atoms. The pore entrances worked as nucleation sites for
the copper oxide nanoparticles [7272].

1.5.3 Luminescence & opto-electronics

Another application of MLD lies in the deposition of light-sensitive ma-
terials. Luminescent monolayers of tris(8-hydroxyquinolinato)aluminum
(Alq3) have been deposited conformally using MLD [7373]. The MLD pro-
cess provided a way to conformally coat a porous silica aerogel with the
luminescent material, as is shown in figure 1.151.15. In other work, hybrid
(Y,Yb,Er)-pyrazine thin films deposited with a combination of ALD and
MLD displayed blue, green and red upconversion emissions that orig-
inate from 3- and 2-photon NIR-to-VIS excitation processes [7474]. Light-
switchable materials have also been deposited via a combination of ALD
and MLD processes. The ZnO:azobenzene superlattice films were pho-
toreactive when irradiated with light with a wavelength of 360 nm. The
reaction could be reversed with a thermal treatment [7575].
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1.5.4 Biomedical applications

Novel applications for MLD films can be found in the world of biome-
dicine. These applications include the development of biocompatible sub-
strates that promote cell growth/adhesion or possess anti-bacterial prop-
erties, flexible coatings for wearable or implantable devices for diagnos-
tics [7676], and medicine delivery. The viability of ALD coatings on medi-
cal devices and biological materials has already been investigated in the
literature [7777]. A recent report by Momtazi et al. shows the successful ap-
plication of MLD coatings for developing biocompatible substrates for ep-
ithelial cells [7878]. Aside from this example, not many other reports can be
found in the literature on this topic, and new research projects are started
up [6262]. Nanoporous materials show much potential for implantable drug
delivery systems. They can be employed for the regulation and sensing of
transport at a molecular level [7979]. MLD can potentially be applied for the
precise and controlled deposition of these nanoporous films [3434].
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G O A L S A N D O U T L I N E

2.1 objectives of this work

At the start of this thesis, three research goals were defined:

1. Study the transformation of metalcones into porous metal oxide
films.

2. Develop and characterize MLD processes with alkylamine metal pre-
cursors, known from ALD.

3. Investigate the application of a metalcone MLD film as an electrode
in lithium-ion batteries.

In the next sections, each goal will be introduced further and a brief
overview will be given on how the results presented in chapters 33 to 88

relate to these goals. All results are summarized in chapter 99 and a conclu-
sion is formulated for each goal. Details on the experimental techniques
that were applied in this work are provided as an appendix in chapter AA.

Transformation of metalcones

Metalcones can be transformed into porous metal oxides through calci-
nation in air and water etching, as was mentioned in section 1.3.31.3.3 of the
introduction [3434]. The conformality of MLD enables, via this transforma-
tion, to coat complex structures via a nanoporous metal oxide film. Due
to the variety of applications for porous films, it is worthwhile to gain
further insight in the nature of the transformation process.

47
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The main difficulty for this study is the characterization of the porosity
of thin films. Standard BET (Brunauer-Emmett-Teller) nitrogen absorption
measurements are practically impossible on thin films. The reason for this
is that they rely on microbalance techniques that are only sensitive to large
powder-like samples. Liang et al. coated SiO

2
powders with the MLD films

in order to be able to gauge the porosity of the films [3434]. A question
that naturally arises is how representative the acquired data are for non-
powder substrates. In this thesis, we chose to learn from the techniques
used in the semiconductor industry to study low-k dielectrics. Small-angle
X-ray scattering (SAXS) and PALS (positron annihilation lifetime spec-
troscopy) are employed in this field to gain structural information, includ-
ing porosity, of the samples. Their main disadvantage is that they require
synchrotron light or radioactive sources. Ellipsometric porosimetry (EP)
was developed in 2000 by Baklanov et al. and measures the change in op-
tical properties of the porous film during adsorption and desorption [8080]
with in situ ellipsometry. A large advantage of this technique is that it can
be performed on a specialized lab-scale setup, which makes it more ac-
cessible for routine measurements. Therefore, EP was chosen as the go-to
technique in this thesis for gauging the porous structure of the MLD films.

In chapter 33, the research into the transformation behaviour of alucone
thin films is presented. Ellipsometric porosimetry measurements were per-
formed on water etched and calcined samples, from which information on
the porosity, pore size distribution and shape could be obtained. For the
calcination treatment, the influence of the temperature ramp rate was in-
vestigated.

MLD with alkylamine metal precursors

In ALD research, alkylamine metal precursors, such as tetrakisdimethyl-
aminotitanium (TDMAT) for the deposition of TiO

2
, are well-established.

However, at the start of this work in 2012 there were no reports on the
application of alkylamine metal precursors for the deposition of hybrid
organic-inorganic films by MLD. In this work, three different alkylamine
metal precursors were investigated for the deposition of metalcone films
with ethylene glycol (EG) or glycerol (GL) as the organic reactant.

EG and GL were chosen as the organic reactant for several reasons.
Firstly, they are OH-terminated molecules so, from a chemical point of
view, they are expected to behave similarly to water in a thermal process.
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Figure 2.1: Illustration of the alkylamine metal precursor molecules used in this
work.

Secondly, they are vaporizable at low temperature which allows them to
be used in a pump-type reactor.

Research on the deposition of titanicone, vanadicone, and tincone films
with respectively TDMAT, tetrakisethylmethylaminovanadium (TEMAV),
and tetrakisdimethylaminotin (TDMASn) as the titanium, vanadium and
tin precursors is presented in chapters 55, 66, and 77. The precursor molecules
are illustrated in figure 2.12.1. Firstly, the defining characteristics of a well-
behaved MLD process are investigated and verified: growth linearity, self-
limiting surface reactions (saturation), and the temperature window. With
the help of in situ ellipsometry and infrared spectroscopy, further insight
is generated into the growth mechanism of these films. After deposition,
the properties and composition of the grown films are determined. At the
time that the papers were published, no other processes had been reported
before for vanadicone and tincone.

MLD for electrodes in lithium-ion batteries

ALD films have been investigated extensively for applications in lithium-
ion batteries. This ranges from buffer layers to engineer the electrode-
electrolyte interface, to electrodes and even complete batteries [4646, 4747, 5050,
8181–8484]. In the literature, no reports existed on the development of thin
film electrodes via MLD at the start of this thesis. Even at the time of
this writing, apart from the papers presented in this thesis only lithium
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terephthalate deposited by MLD is reported as an electrode for lithium-
ion batteries [5959], up to our knowledge.

Hybrid organic-inorganic thin films deposited by MLD present three in-
teresting pathways to explore for electrodes. Firstly, metalcone films could
possibly act as a flexible electrode material due to the inherent flexibility
of the incorporated carbon chains. Secondly, they may be transformed
into porous electrode materials through calcination in air or water etching
[3434]. Thirdly, the hybrid films can be transformed into conducting metal
oxide/carbon composite films through pyrolysis [6060, 8585]. The improved
conductivity of the film may prove to be beneficial for its rate performance
as an electrode.

Titanicone, vanadicone and tincone are investigated as electrodes for
lithium-ion batteries in chapters 55, 66, and 88 respectively. These three ma-
terials were chosen for several reasons, and are compared in table 2.12.1.
The first reason, from a process point of view, was already mentioned in
the previous section. Titanium, vanadium, and tin oxide can be deposited
with a thermal, water-based ALD process based on an alkylamine metal
precursor. In these processes, water could be replaced by an organic re-
actant, such as EG or GL, to form an MLD process. Secondly, all three
metal oxides are known electrode materials for lithium-ion batteries. Inter-
estingly, all three oxides have a different lithiation mechanism. Titanium
oxide can be lithiated through lithium intercalation in the existing lattice.
The lattice is deformed to some extent, but no major structural changes oc-
cur. This is also partially true for V

2
O

5
if the lithium content is kept below

1 Li per V
2
O

5
. Increasing the lithium content will induce phase changes

in the material which have a detrimental effect on rate performance and
cyclability. Tin oxide is lithiated through a conversion and alloying mecha-
nism. Tin oxide is first reduced to metallic tin, and in a second step alloyed
with lithium. This mechanism endows the material with a high theoretical
capacity (782 mA h g−1), but causes large volume changes in the material
which have a negative effect on the cyclability.

The films were subjected to annealing treatments in inert and oxidizing
atmospheres in order to test the three ideas that were presented before.
Initially, all films are tested for electrochemical activity with cyclic voltam-
metry measurements. These measurements also reveal the potential win-
dow where the electrochemical reactions are partially or fully reversible.
Once the potential window is known, the rate performance and cyclability
of each film is tested in its respective potential window.
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Table 2.1: Comparison of the electrode materials selected for this work.

Titanium (Ti) Vanadium (V) Tin (Sn)

Oxide TiO
2

V
2
O

5
SnO

2

Precursor TDMAT TEMAV TDMASn

H
2
O-based √ √ √

ALD process

Potential range
0.8 to 3.2V 1.0 to 3.5V 0.1 to 2.5V

vs. Li+/Li

Lithiation Simple Phase Conversion

mechanism intercalation change & alloying

The electrochemical measurements for tincone were not published in
the paper that is presented in chapter 77. The reason for this (spoilers)
is that the electrochemical tests showed that the MLD tincone films per-
formed similar or worse than ALD SnO

2
films. For completeness, the elec-

trochemical data on the tincone films have been included in this thesis as
an addendum to paper IV in chapter 88.

2.2 summary of the contributions

This PhD thesis is paper-based, meaning that the performed research is
presented in the form of published papers. The papers included in this
thesis are listed on the next page.



52 goals and outline

2.2.1 Publications related to this work

Paper I The transformation behaviour of “alucones”, deposited by
molecular layer deposition, in nanoporous Al2O3 layers
K. Van de Kerckhove, M. K. S. Barr, L. Santinacci, P. M.
Vereecken, J. Dendooven, and C. Detavernier
Dalton Transactions 47 (16), 5860-5870 (2018).

Paper II Molecular layer deposition of “titanicone”, a
titanium-based hybrid material, as an electrode for
lithium-ion batteries
K. Van de Kerckhove, F. Mattelaer, D. Deduytsche, P. M.
Vereecken, J. Dendooven and C. Detavernier
Dalton Transactions 45 (3), 1176-1184 (2016).

Paper III Molecular layer deposition of “vanadicone”, a
vanadium-based hybrid material, as an electrode for
lithium-ion batteries
K. Van de Kerckhove, F. Mattelaer, J. Dendooven and C.
Detavernier
Dalton Transactions 46 (14), 4542-4553 (2017).

Paper IV Annealing of thin “tincone” films, a tin-based hybrid
material deposited by molecular layer deposition, in
reducing, inert and oxidizing Atmospheres
K. Van de Kerckhove, J. Dendooven and C. Detavernier
Journal of Vacuum Science & Technology A 36, 051506 (2018).



2.2 summary of the contributions 53

2.2.2 Other publications

• In Situ IR Spectroscopic Investigation of Alumina ALD on Porous
Silica Films: Thermal versus Plasma-Enhanced ALD
E. Levrau, K. Van de Kerckhove, K. Devloo-Casier, S. P. Sree, J. A.
Martens, C. Detavernier, and J. Dendooven
Journal of Physical Chemistry C 118 (51), 2985429859 (2014).

• Mobile setup for synchrotron based in situ characterization during
thermal and plasma-enhanced atomic layer deposition
J.Dendooven, E. Solano, M. M. Minjauw, K. Van de Kerckhove, A.
Coati, E. Fonda, G. Portale, Y. Garreau, and C. Detavernier
Review of Scientific Instruments 87, 113905 (2016).

• Key role of surface oxidation and reduction processes in the
coarsening of Pt nanoparticles
E. Solano, J. Dendooven, R. K. Ramachandran, K. Van de Kerckhove,
T. Dobbelaere, D. Hermida-Merino, and C. Detavernier
Nanoscale 9, 13159-13170 (2017).

• Low-Temperature Molecular Layer Deposition Using
Monofunctional Aromatic Precursors and Ozone-Based
Ring-Opening Reactions
L. Svärd, M. Putkonen, E. Kenttä, T. Sajavaara, F. Krahl, M.
Karppinen, K. Van de Kerckhove, C. Detavernier, and P. Simell
Langmuir 33 (38), 96579665 (2017).



54 goals and outline

2.2.3 Conference contributions

• In situ mid-IR spectroscopy for monitoring Al2O3 ALD growth on
porous silica films: thermal versus plasma enhanced ALD
E. Levrau, K. Van de Kerckhove, K. Devloo-Casier, S. P. Sree, J. A.
Martens, C. Detavernier, and J. Dendooven
Baltic ALD conference. Helsinki, Finland (2014). Oral contribution

• Molecular layer deposition of “titanicone”, a titanium-based
hybrid material, as an electrode for lithium-ion batteries
K. Van de Kerckhove, F. Mattelaer, D. Deduytsche, J. Dendooven, P.
M. Vereecken, and C. Detavernier
E-MRS Spring Meeting. Lille, France (2015). Oral contribution
AVS-ALD conference. Portland, Oregon, USA (2015). Oral contribution
ALD for batteries workshop. Ghent, Belgium (2015). Oral contribution

• MLD of “vanadicone” as an electrode for lithium-ion batteries
K. Van de Kerckhove, F. Mattelaer, P. M. Vereecken, J. Dendooven,
and C. Detavernier
AVS-ALD conference. Dublin, Ireland (2016). Poster contribution

• Molecular layer deposition for applications in lithium-ion batteries
K. Van de Kerckhove, F. Mattelaer, J. Dendooven, and C. Detavernier
Workshop on hybrid materials by ALD/MLD. San Sebastian, Spain (2017).
Oral contribution
232nd ECS meeting. National Harbor, MD, USA (2017). Oral
contribution

• Novel thin-film solid-composite electrolyte for 3D lithium-ion
microbatteries by combining molecular and atomic layer deposition
K. B. Gandrud, S. Hollevoet, K. Van de Kerckhove, B. Put, A.
Creatore, W. M. M. Kessels, and P. M. Vereecken
European Congress and Exhibition on Advanced Materials and Processes -
EUROMAT. Thessaloniki, Greece (2017). Oral contribution



Part III

PA P E R S
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abstract

Nanoporous alumina films can be synthesized from hybrid organic-in-
organic “alucone” films deposited by molecular layer deposition (MLD)
by wet etching in deionized water or calcination in air at 500 ◦C. This
transformation process was systematically investigated for two alucone
chemistries based on ethylene glycol (EG) and glycerol (GL). Ellipsomet-
ric porosimetry (EP) was utilized for the characterization of the porous
alumina structures that are formed as a result of the treatments. Etch-
ing in deionized water transform both EG- and GL-alucones into porous
alumina with a porosity of about 40%, albeit with a different pore struc-
ture: cylindrical pores for EG-alucones and ink-bottle structures for GL-
alucones. Calcination in air up to 500 ◦C only successfully transformed
EG-alucones into porous alumina if the chosen heating and cooling rate
was lower than 200 ◦C h−1. Below this ramp rate a relationship between
the resulting porosity and the ramp rate was found. At the lowest investi-
gated ramp rate of 20 ◦C h−1 the highest porosity of 36% was achieved. For
this treatment type the pore shape was of the ink-bottle type for all inves-
tigated ramp rates with narrow 1 nm-sized pores. Infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy revealed that the final chem-
istry of the porous structures was slightly different for both treatments
due to trace amounts of carbon left behind by water etching. This suggests
that the internal surface of the porous structure has a different termina-
tion depending on the chosen treatment. The precise thickness control
and conformal nature inherent to MLD combined with the wet and heat
treatments enables the coating of complex 3D structures with a porous
alumina film with a well-defined thickness and pore structure.

introduction

From a technological point of view, porous thin films are of interest due
to the variety of possible application areas. These include among other:
separators[8686], filtration membranes[8787–8989], catalysis[9090–9595], sensors[9696,
9797], protective coatings[9898] and medicine[9999–101101]. Sol-gel[102102], hydrother-
mal[103103], and anodic oxidation methods[9494, 9595, 104104] exist to synthesize
inorganic porous films. However, these techniques have difficulties with
conformally coating complex structures and offer limited control over the
final thickness and/or pore size of the porous films. One thin-film depo-
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sition technique that does exhibit these properties is atomic layer deposi-
tion.[22]

ALD is a gas-based deposition technique where a substrate is sequen-
tially exposed to a precursor and a reactant gas. Due to the self-limiting
nature of the gas-surface reactions, the technique offers excellent thickness
control and great conformality on challenging structures. ALD is mostly
employed for the deposition of dense, non-porous metal oxides and pure
metal films. It is possible to produce porous films with ALD by mixing
two different oxides and adding an etching step with an acid to remove
one of the oxides after deposition.[105105] ALD has also been employed for
tuning the porosity of porous materials, which has direct applications in
catalyst design.[106106, 107107]

Molecular layer deposition is a novel technique that is closely related to
ALD. Organic compounds replace either the traditional ALD precursors or
reactants, or even both. This results in purely organic[55] or hybrid organic-
inorganic films labeled “metalcones” in the literature. Processes for the
deposition of many different metalcones have already been reported: alu-
cone[1111, 1313, 1414], titanicone[1616, 1717], vanadicone[1818], zincone[1919, 2020], zir-
cone[2121], and hafnicone[2222]. The alucone process is to MLD as the alu-
mina process is to ALD: the most well-studied process. Many “flavours”
of alucone are known in the literature and utilize various organic reac-
tants in combination with the trimethylaluminium (TMA) precursor. Sev-
eral of these reactants are the following: hydroquinone[1313], ethylene gly-
col (EG)[1111], ethanolamine and maleic anhydride[2525], aromatic carboxylic
acids[2626], saturated linear carboxylic acids[2727], glycerol (GL)[1414], glyci-
dol[2828], diols[2929] and triethanolamine[3030]. Several of these alucones are
known to be unstable in air due to reactions with ambient water.[1111, 108108]

Hybrid organic-inorganic films are interesting for manufacturing porous
thin films since etching and calcination treatments can be devised to re-
move the organic component from the film and leave behind a porous
inorganic matrix. This idea was put into practice by Liang et al. in 2009

where porous alumina films were produced by calcination in air and etch-
ing in water.[3434] Since then, several applications of the porous alumina
films from MLD have already been shown, including stabilization of Pt
nanoparticles for catalysis.[6868, 7272] From a follow-up paper in 2013, it was
clear that the length of the organic chains in the films can be exploited
to tune the size of the pores of the film.[3535] However, to our knowledge,
little information is available on the influence of the parameters involved
in the etching or calcination treatments.
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In order to study porous thin films, a non-destructive characterization
technique is required to measure the porosity and the pore size distri-
bution (PSD). Several viable techniques include small-angle neutron scat-
tering porosimetry[109109], positron annihilation lifetime spectroscopy[110110],
X-ray reflectivity porosimetry[111111], and ellipsometric porosimetry (EP)[8080,
106106, 107107, 112112, 113113]. Due to its lab-scale applicability and the fact that spec-
troscopic ellipsometry is already widely used for in situ investigations
during ALD and MLD, EP was the chosen characterization technique for
this work.

In this work, the influence of relevant parameters to the transformation
of alucone into porous alumina was systematically studied. Two different
alucone types, deposited using TMA as the precursor and ethylene gly-
col (EG) or glycerol (GL) as the organic reactant, were subjected to water
etching and calcination in air and afterwards compared. Beforehand, the
aging of the alucone layers in ambient atmosphere was investigated since
this effect has a significant influence on the properties of the resulting
porous films.

experimental

A dedicated pump-type setup was employed for the deposition of the
hybrid alucone films.[1717, 1818] During idle operation, a base pressure of
10−6 mbar was obtained in the reaction chamber. The chamber walls were
heated to a temperature of 130 ◦C to avoid reactant condensation. The
TMA precursor was kept at room temperature. During exposure, the TMA
pressure was kept constant at 1.2 × 10−2 mbar with the help of a needle
valve. The EG and GL containers remained at respectively 80 ◦C and 60 ◦C.
Due to the low vapor pressure of GL, argon as a carrier gas was required.
The EG pressure during MLD was constant at 2 × 10−2 mbar; the GL with
argon pressure was kept stable at 5 × 10−3 mbar.

Two in situ techniques were available on the setup and enabled mon-
itoring of the hybrid film during deposition: spectroscopic ellipsometry
(SE) and Fourier-transform infrared spectroscopy (FTIR). For SE, a model
M-2000 ellipsometer from J.A. Woollam (245 to 1000 nm) was attached to
the system and provided information on the thickness and optical prop-
erties of the growing film. Data analysis was performed in the provided
CompleteEASE package. A Cauchy dispersion relation proved to be an
accurate model for the alucone and alumina layers. The multiple param-
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eters of this model were optimized through calibration with several sam-
ples with a known thickness, measured by X-ray reflectivity (XRR). For in
situ FTIR in transmission mode, a separate reaction vessel with infrared-
transparent ZnSe windows was built into the sample compartment of a
Bruker Tensor 27 FTIR spectrometer. This spectrometer was fitted with a
standard configuration of a globar source (mid IR), KBr beamsplitter and
DLaTGS detector. The optics compartment was purged with dry air in or-
der to remove CO

2
and H

2
O contributions from the measured spectra. The

signal-to-noise ratio was insufficient to enable cycle-by-cycle monitoring
of the process. However, surface groups added and removed by the pre-
cursor and reactant became clearly visible in spectra that were averaged
out over 150 MLD cycles. This is due to the repetitive and reproducible
nature of MLD, or in general ALD, processes.

Samples for process development and (in situ) characterization were
deposited on native oxide-covered Si.

Ellipsometric porosimetry (EP) was employed to quantify the poros-
ity of the samples.[8080, 107107] During the adsorption part of the EP mea-
surement, the samples are exposed to gradually increasing pressures of
toluene vapor, usually in steps of 50 Pa. At every pressure step, an SE
measurement is performed. Once the equilibrium pressure of toluene at
room temperature is attained, the process is reversed and the desorption
part of the measurement is started. The toluene vapor pressure is gradu-
ally reduced back to the starting pressure in equally sized steps as during
adsorption. At every step during desorption an SE measurement is trig-
gered. This sequence results in a set of ellipsometry data at different rela-
tive toluene pressures P/P0. The procedure on how this data is analyzed
is described in detail in the results section. Prior to the EP measurements,
all samples were dried overnight in a tube furnace at 105 ◦C in order to
remove any condensed water.

Scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM) were utilized to gather information on the morphology of
the alucone films. SEM imaging was carried on a Quanta 200F (FEI) mi-
croscope at 20kV. TEM imaging was performed on a JEOL JEM 3010 mi-
croscope at 300kV. Prior to TEM measurements, the samples were thinned
by ion milling with a precision ion polishing system (PIPS, Gatan M691).

XRR measurements were performed on a Bruker D8 Discover diffrac-
tometer. A copper Kα X-ray source (λ = 0.154 nm) was employed. X-ray
photoelectron spectroscopy (XPS) data was measured on a Thermo Scien-
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tific Theta Probe system using aluminium Kα radiation (λ = 0.834 nm).
Data analysis was performed in the CasaXPS software package.

results and discussion

The alucone process

In the literature several MLD processes for hybrid, aluminium-based ma-
terials already exist, as described in the introduction. In this work, two
well-known alucone chemistries were chosen according to the well-known
TMA/ethylene glycol (EG) and TMA/glycerol (GL) processes.[1111, 1414] The
default precursor and reactant exposure times were 5 s for TMA, and 20 s
for both EG and GL.

Film growth was monitored in situ with spectroscopic ellipsometry for
both TMA/EG and TMA/GL processes. After every full MLD cycle, the
film thickness was measured by fitting an optical model to the measured
spectroscopic data. The optical model consisted of a Cauchy dispersion re-
lationship for the refractive index for both chemistries and was calibrated
with ex situ XRR thickness measurements on a series of samples with vary-
ing thicknesses.

The saturation behaviour for both EG- and GL-based processes was
verified by varying the exposure times for both precursor and reactants
between 0 to 20 s. The TMA exposure saturated for both processes already
at 5 s. The saturation curves for the reactants are shown in figure 3.13.1 (left).
It is clear that saturation is achieved for both processes at an exposure
time of 10 s.

The growth rate dependency of sample temperature was checked at
temperatures between 100 to 145 ◦C for both process chemistries. Lin-
ear and saturated growth was obtained in this temperature range and
a decrease in growth per cycle (GPC) with increasing temperature was
observed for both processes. The decrease was less pronounced for the
GL-based process which is in agreement with the literature.[1111, 1414] For
the EG-based process the GPC decreased from 2.2 Å at 100 ◦C to 1.1 Å at
145 ◦C; for the GL-based process it decreased from 3.0 Å at 100 ◦C to 2.5 Å
at 145 ◦C. In the literature, the faster decrease in GPC for the EG-based
process is attributed to double reactions of the EG reactant with the sur-
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Figure 3.1: (Left) Saturation curves for EG and GL exposures during TMA/EG
and TMA/GL MLD processes. The TMA pulse duration was kept constant at 5 s.
(Right) The temperature dependency of the growth rate for the TMA/EG and
TMA/GL processes.

face. These double reactions are expected to appear more frequently at
higher substrate temperatures.

The TMA/EG and TMA/GL processes were found to be able to con-
formally coat a 3D structure if sufficiently long precursor and reactant
exposure times were applied. This was verified on a silicon pillar array
substrate. The results of this experiment for the TMA/EG process are
shown in figure S1 of the supplementary information.

The chemical composition of the hybrid films was investigated for the
two process chemistries with both in situ and ex situ FTIR. The results
from the in situ study are in very close agreement with the work from
Dameron et al. and George et al., and are presented in figures S2 and
S3 of the supplementary information.[1111, 1414] The ex situ infrared spec-
tra clearly illustrate the hybrid nature of the alucone films deposited with
the TMA/EG and TMA/GL processes. The absorption peaks at 2943 cm−1

and 2882 cm−1 correspond to CH
2

stretch vibration modes, the asymmetri-
cal and symmetrical modes respectively. At 2708 cm−1, a less pronounced
peak is visible. This peak originates from a CH combination mode. In the
lower wavenumber range, a small peak can be distinguished at 1470 cm−1.
We assign this peak tentatively to another CH

2
-related vibration mode:

the scissor mode. In the so-called "fingerprint" region of the spectra the
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Figure 3.2: Ex situ infrared spectra of as-deposited EG and GL alucone films. The
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deposition cycles, respectively.

C C and C O stretching absorptions, and the Al O phonon mode are
visible. Interestingly, the peaks are slightly shifted for both alucones with
respect to each other. This shows that the films possess a different chem-
ical structure in spite of their similar infrared spectra. The relative differ-
ences in absorption intensity between the films, with similar thicknesses,
also supports this statement. For the EG-alucone films, the C C, C O
and Al O peaks are located at 1134 cm−1, 1086 cm−1 and 906 cm−1 re-
spectively. The C C, C O and Al O modes are respectively found at
1109 cm−1, 1064 cm−1 and 864 cm−1 for the GL-alucone films.

Several properties of the TMA/EG and TMA/GL alucone films were
measured: the refractive index with SE, the density with XRR, and the car-
bon content with XPS. The results of these measurements are summarized
in table 3.13.1 for EG-alucone and table 3.23.2 for GL-alucone.

Aging behaviour of alucone films

Prior to the study of the transformation of the alucones via wet etching
and calcination, their aging behaviour in ambient atmosphere was inves-
tigated. The films deposited with 300 TMA/EG cycles and 200 TMA/GL
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cycles were monitored with infrared spectroscopy at regular intervals for
7 days. Between measurements the samples remained exposed to ambient
air at room temperature. The evolution of the infrared spectra for the EG-
alucones and GL-alucones is presented in figures 3.33.3 and 3.43.4 respectively.

The EG-alucone proves to be the least stable in air compared to GL-
alucone. The chemical structure of the film begins changing in a mat-
ter of hours after removing the samples from the deposition chamber. A
broad water absorption band centered around 3400 cm−1 appears. Simul-
taneously the CH

2
absorption modes decrease in intensity and shifts to

CH
3
-related vibration modes. In the 1700 to 1400 cm−1 region a broad

band is formed. This band is probably related to the formation of vinyl
ether species by dehydration of the EG-alucone, as proposed by Dameron
et al.[1111] Large changes are also visible in the fingerprint region. The C C
and C O stretching modes first shift to a lower wavenumber, and then dis-
appear almost completely after only 24 hours. The Al O phonon mode
also shifts to a lower wavenumber as the EG-alucone film degrades, along
with a decrease in absorption intensity. After 24 hours the degradation
appears to end as there seems to be no significant differences between
the spectrum after 24 hours and the one after 7 days. The properties of
the EG-alucones are measured after 7 days. The thickness of the film de-
creases from 67 nm to 49 nm; the density lowers from 1.64 to 1.55 g cm−3;
the refractive index increases slightly from 1.44 to 1.49; the carbon content
is slightly less at 17% compared to the original 21%. At first glance, the
density is expected to increase due to the decrease in film thickness. How-
ever, a decrease is observed instead. Surprisingly, the timescale on which
the degradation is complete, is much shorter than the two months that
were reported by Dameron et al.[1111] Possibly differences in humidity and
room temperature provide an explanation for this.

The evolution of the GL-alucone films, presented in figure 3.43.4, shows
that the GL-alucones remain relatively unchanged over the course of this 7-
day experiment in comparison with the EG-alucones. Initially, some water
adsorption and formation of vinyl ether species occurs during the first day.
For these films the CH

2
, C C, C O and Al O peaks remain unaltered, in

contrast to the EG-alucones, apart from some minor shifts in peak position
and peak broadening. The refractive index, density and carbon content of
the GL-alucone films were relatively constant during the experiment. A
small thickness decrease of about 5% is observed.

A few hypotheses can be provided to explain this difference in aging
behaviour. It is possible that a protective surface layer is formed during
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Figure 3.5: Schematic overview of the procedure for analyzing the SE data mea-
sured during EP in order to extract the sorption isotherms. The data shown origi-
nates from water-etched EG-alucone samples and is also presented in figure 3.63.6.

the first hours of aging of the GL-alucone which effectively slows down
or even stops further degradation of the film. Another possibility is that
the kinetics for aging are much slower for the GL-alucones than for the
EG-alucones due to the different chemical structure of the films.

Etching and calcination in air

Wet and heat treatments were applied to freshly deposited (i.e. air expo-
sure was limited to less than one minute) TMA/EG and TMA/GL sam-
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ples. The EG-alucone and GL-alucone films had a starting thickness of
respectively 66.9 nm (300 cycles) and 58.0 nm (200 cycles).

Analysis procedure for the EP measurements

As explained in the experimental section, during an adsorption EP mea-
surement ellipsometry measurement are taken at every toluene vapor
pressure step. Since ellipsometry measures the change in polarization of
light upon reflection from a sample, the raw SE data contains information
on the amplitude change, psi, and the phase difference, delta, at wave-
lengths in the range of 245 to 1000nm. This data is shown in the top-left
section of figure 3.53.5. A fitting procedure based on an optical model for
the film can then extract information on the refractive index n of the film.
In this optical model, a dispersion relationship for the optical constants
needs to be assumed. For the alucone films, a straightforward Cauchy
model was sufficient to properly describe the data. The resulting refrac-
tive index information and Cauchy dispersion relationship are presented
in the top-right part of figure 3.53.5. Next, a Lorentz-Lorenz effective medium
approximation (EMA) is used to calculate the relative volume of toluene
adsorbed by the film, or porosity:

Vtoluene
Vf ilm

=

(
n2−1
n2+1

)
−
(

n2
0−1

n2
0+1

)
(

n2
toluene−1

n2
toluene+1

) (3.1)

Here, the refractive index of the empty film n0 and toluene ntoluene
(1.496) at a wavelength of 632.8 nm are taken into account for the calcu-
lation that results in ad- and desorption isotherms. An advantage of this
method is that information on the refractive index on the alumina skele-
ton is not required. The calculated adsorption isotherm is shown in the
bottom-right section of figure 3.53.5. Finally, pore size distributions (PSD)
can be estimated by applying Brunauer-Emmett-Teller (BET) theory for
the physical adsorption of non-reacting gas molecules on a solid surface
and the Kelvin equation.[114114] The Kelvin equation relates the mean radius
of the meniscus, that is formed at the liquid-vapor interface, to the relative
pressure. Assuming that the meniscus is cylindrically shaped during con-
densation (adsorption) and hemispherically shaped during evaporation
(desorption), the pore radius can be related to the Kelvin radius. After
correcting for the multilayer of toluene on the pore walls (t-correction)
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Figure 3.6: Resulting porosities (left) and pore size distributions (right) for EG
(top) and GL (bottom) alucones after the water etching treatment.

prior to condensation and following evaporation, the pore radius can be
calculated at every relative pressure. The PSD is eventually calculated by
plotting the derivative of the sorption isotherms with respect to the pore
radius against the pore radius. For a more detailed explanation on the pro-
cedure and the physical processes that occur during ad- and desorption,
we refer to Dendooven et al.[107107]

Etching in deionized water

EG- and GL-alucones have been subjected to a water etching treatment.
For this treatment, the samples were submerged in deionized water for
a duration of 3 days. Based on the report of Liang et al. this procedure
results in porous alumina films.[3434] Prior to EP measurement, the water
etched samples were dried in a tube furnace at 105 ◦C to remove the excess
water from the porous structure. Care had to be taken to gradually heat
the samples (ramp rate of 10 ◦C h−1) to this temperature since otherwise
collapse of the porous structure could occur.
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In figure 3.63.6, the porosity and pore size distribution (PSD) resulting
from the water etching on both alucone film types is shown. From the
sorption isotherms it is clear that the water etching treatment successfully
induced porosity in both alucone films. The measured porosity of the
water-etched TMA/EG alucones was by average 42%; for the TMA/GL
alucones it was 37%. From the shape of the sorption isotherms, informa-
tion on the shape of the pores can be derived. The absence of hysteresis
in the isotherms for the water-etched EG-alucones is indicative of cylindri-
cal pores. This is also seen in the calculated pore size distributions where
the PSD for the adsorption and desorption is practically identical. For the
GL-alucone films a clear hysteresis is visible in the sorption isotherms and
suggests an ink-bottle type of pores where the neck has a smaller pore di-
ameter than the bottle. The PSD of the water-etched GL-alucone supports
this pore type because the distributions for the adsorption and desorption
are at their maximum at a different pore radius. For the water-etched EG-
alucones, the PSD is broad and ranges from 1.5 to 20 nm, with a maximum
at 7 nm. The PSD for the TMA/GL alucones is narrower and has a max-
imum at 3 nm for the neck, and at 4.5 nm for the bottle. After the water
etching treatment, the EG -and GL-alucones are observed to be stable in
ambient atmosphere over a period of two weeks. No changes in porosity
were seen when the EP measurements were repeated.

A similar treatment was attempted on the EG -and GL-alucones with
hydrogen peroxide (H

2
O

2
). This treatment was unsuccessful. The solution

was too aggressive and fully etched or delaminated the hybrid film.

Calcination in air

A different approach for transforming alucone into porous alumina is by
applying a heat treatment in air, as was also reported by Liang et al.[3434]
The suggested mechanism for this transformation is that the organic part
of the hybrid film is burned out, leaving behind a porous alumina struc-
ture. In this work, TMA/EG and TMA/GL alucones were calcined in air
to a temperature of 500 ◦C at varying ramp rates between 10 ◦C min−1 to
20 ◦C h−1. When the sample temperature reached 500 ◦C, this temperature
was held for 10 minutes before starting the cooling step. Before the discus-
sion of the results, two important remarks need to be made. First of all,
the calcination treatment was only successful for the EG-alucones. Heat
treatment of the GL-alucone samples always resulted in a dense alumina
film for all investigated ramp rates. A porosimetry measurement for GL-
alucone at a ramp rate of 20 ◦C h−1 is shown in figure 3.83.8. Secondly, the
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ramp rates reported in this work were applied for both heating and cool-
ing of the EG-alucone samples. When the heating was simply turned off
to let the sample cool down with no control, the results were not repro-
ducible.

The main results gathered from the calcination experiments on the EG-
alucones are presented in figures 3.73.7 and 3.83.8. A first interesting observa-
tion is that there appears to be a large dependence on the applied ramp
rate in the heat treatment. Slower ramp rates tend to reach higher porosi-
ties as can be seen in figure 3.73.7. The highest porosity of 36% was achieved
at a ramp rate of 20 ◦C h−1. Slower ramp rates were not investigated in this
work since the total duration of an experiment at a ramp rate of 20 ◦C h−1

is approximately two days. A second observation was the existence of a
critical ramp rate of 200 ◦C h−1 above which no porosity is achieved. The
measured porosity at this ramp rate is 20%. This critical ramp rate is also
reflected in the measured thickness decrease by XRR (figure 3.73.7). Above
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200 ◦C h−1 the EG-alucone layer thickness decreases by 65% on average. At
and below this ramp rate, the average decrease is only 46%. TEM imaging
on selected samples (figure 3.73.7) supports the previous observations. The
higher contrast for the samples calcined at higher ramp rates suggests an
increased density of the layer. The appearance of the white space in the
samples calcined at 20 ◦C h−1 and 200 ◦C h−1 implies porosity, but it can
also be an artifact caused by degradation of alumina under the electron
beam or the presence of crystals.

Measured porosities and pore size distributions for EG-alucones cal-
cined to 500 ◦C at 20 ◦C h−1 and 200 ◦C h−1 are shown in figure 3.83.8. For
both sets of sorption isotherms a clear hysteresis is observed between the
adsorption and desorption measurements. This indicates that the pore
shape is of the ink-bottle type, which is also evidenced by the calculated
distributions. On average, the diameter of the pores is slightly smaller for
the calcination at 200 ◦C h−1 than at 20 ◦C h−1. This is probably directly
related to the decreased porosity that was measured at this ramp rate.

For the EG-alucones calcined at 20 ◦C h−1, the diameter of the neck of
the pores was on average 0.9 nm while the diameter of the bottle was
1.4 nm. The diameter of the bottleneck and bottle is respectively 0.7 nm
and 1.0 nm for the TMA/EG alucones calcined at 200 ◦C h−1. An impor-
tant remark for these experiments is that freshly deposited EG-alucone
samples were used. Performing the same treatments on samples that have
aged for 5 hours results in a significantly decreased porosity of 10% at
20 ◦C h−1 and 7% at 200 ◦C h−1. The calcined films, however, appear to be
stable with respect to aging. Over a course of two weeks, no changes in
porosity were observed when remeasuring the calcined EG-alucones.

Comparison between etching and heat treatments

The water etching treatment is successful in transforming both the EG
and GL alucones into a porous alumina structure, albeit with a differ-
ent pore shape. Calcination in air is only successful for the EG-alucones
and care needed to be taken to choose a sufficiently slow ramp rate for
the treatment. A summary of the results of the treatments of both alu-
cone chemistries is presented in tables 3.13.1 and 3.23.2. The film densities, ob-
tained by XRR, are in qualitative agreement with the porosity measured
by EP when one models the porous films as an Al

2
O

3
structure with empty

pores.
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As H
2
O Calcination Calcination

dep. at 20 ◦C h−1 at 200 ◦C h−1

Thickness (nm) 66.9 44.7 41.2 35.1
Density (g cm−3) 1.64 1.45 1.53 1.73

Porosity - 42% 36% 20%

Pore size (nm) - 5 - 8

Neck: 1 Neck: 0.6
Bottle: 2 Bottle: 1.4

Pore shape - Cylindrical Ink-bottle Ink-bottle
Refr. Index 1.44 1.43 1.46 1.48

%C 21 4 0 0

Table 3.1: Summary of the results of the different treatments for EG alucone films,
deposited by performing 300 TMA/EG cycles.

Table 3.2: Summary of the results of the different treatments for GL alucone films,
deposited by performing 200 TMA/GL cycles.

As deposited H
2
O Calcination

Thickness (nm) 58.0 48.4 36.8
Density (g cm−3) 1.59 1.44 2.42

Porosity - 37% 0%

Pore size (nm) -
Neck: 1 - 2

-
Bottle: 2 - 4

Pore shape - Ink-bottle -
Refr. Index 1.45 1.31 1.65

%C 15 3 0

Water etching of the EG-alucone films lead to cylindrical pores. On the
other hand, water etching of GL-alucones and calcination of EG-alucones
produced ink-bottle type pores. On average, the diameter of the pores cre-
ated by the wet treatments is larger than those formed by the calcination
treatment. A possible explanation for this is that water assists in uphold-
ing the porous structure during the transformation. When the water is
removed carefully afterwards by heating in a tube furnace, the structure
is preserved. For the heat treatment, however, there is nothing inside the
formed pores to stabilize the structure. Hence it is likely that during cal-
cination the porous structure collapses/sinters to some extent. This also
explains the influence of the ramp rate on the resulting porosity and pore
size.
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Investigations of the composition of the EG- and GL-alucones after treat-
ment with FTIR and XPS revealed a noteworthy difference between the
porous alumina layers obtained from either water etching or calcination
in air. After calcination, all carbon content is burnt out of the films. This is
clear from infrared spectroscopy measurements (figure 3.93.9), since all car-
bon related absorptions have disappeared from the spectrum, and from
XPS analysis of the carbon 1s signal (figure 3.103.10). However, after water
etching, most of the carbon content is removed from the hybrid films, but
not completely. A few percent of carbon remains as shown in tables 3.13.1
and 3.23.2. This gives rise a strong C O absorption peak at 1086 cm−1 in the
infrared spectra. The XPS spectra of the carbon 1s signal show the pres-
ence of carbon in the porous film and a slight shift in peak position with
respect to the as deposited samples. This suggests a different termination
of the internal surface of the pores. The exact form in which it is bound is
difficult to pinpoint based on the FTIR and XPS measurements.

One could hypothesize, based on the observations of Dameron et al. and
Liang et al., that similar vinyl ether complexes are formed during etching
as they are during aging.[1111, 3434] These complexes are later removed from
the porous films during the drying step prior to porosimetry measure-
ments. This would explain the removal of specific carbon-related groups
during water etching.

conclusions

Hybrid organic-inorganic films deposited by molecular layer deposition
offer new routes to produce porous thin films. In particular, alucones are
known to transform into porous thin films by water etching and calcina-
tion in air.[3434] This transformation combined with the conformal nature of
the MLD process makes it possible to conformally coat complex structures
with a porous alumina layer. In this work, the difference in transformation
behaviour between the EG and GL alucone chemistries is investigated for
both water etching and calcination treatments. Ellipsometric porosimetry
is the chosen characterization method to probe the porosity and pore size
distributions of the treated alucone films. Also, the aging of the films is
studied with infrared spectroscopy.

From the investigation into the aging of the alucones due to exposure to
ambient atmosphere it is immediately clear that the GL-alucone chemistry
seems more stable than the EG chemistry. The EG-alucones deteriorate in
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Figure 3.10: The C 1s XPS signals for as deposited, water etched and calcined
TMA/EG and TMA/GL alucones.



78 paper i - transformation behaviour of alucones

a matter of hours causing a large change in chemical makeup and decrease
in thickness.

The water etching treatment is successful in transforming both alucone
chemistries into porous alumina films with a small amount of residual car-
bon content. The porosity for both was about 40%, but the pore shape and
pore size distribution is different. The water-etched EG-alucones result in
a cylindrical shape of the pores and a broad PSD centered around 5 to 8

nm. For the water-etched GL-alucones the pore shape is of the ink-bottle
type with a pore neck of 1 to 2 nm and bottle size of 2 to 4 nm.

Calcination in air is unable to transform the GL-alucones into porous
alumina structures. For EG-alucones, the treatment is successful for heat-
ing and cooling ramp rates below 200 ◦C h−1. A dependance between
the resulting porosity and the applied ramp rate was found. The high-
est porosity of 36% is achieved at the lowest investigated ramp rate of
20 ◦C h−1. The calcination treatment resulted in ink-bottle pores with a
narrow pore diameter of about 1 nm.

An important difference between the water etched and calcined porous
alumina samples is the final chemistry of the films. In infrared spectroscopy
and XPS it is observed that all carbon content is removed from the calcined
samples, but for the water-etched samples a small amount of carbon re-
mains. This suggests that the inner surface of the pores has a different
termination for both treatments.



4
S U P P L E M E N TA RY I N F O R M AT I O N

100

101

102

103

104

105

ED
X 

Si
gn

al
 (

co
un

ts
 p

er
 s

ec
on

d)

50403020100
Distance along pillar (µm)

 Si (K)  Al (K)
 O (K)  C (K)

Figure 4.1: The Si, Al, O and C signal intensities from an EDX line scan along
the edge of a 50 µm Si pillar as a function of the distance along the pillar (top
to bottom). A 112 nm thick EG alucone film (500 TMA/EG cycles) was deposited
on top of a Si pillar array (height: 50 µm, width: 2 µm, spacing: 2 µm). The white
arrow indicates the scan direction.

The conformality of the deposition was verified on a silicon pillar ar-
ray sample. The pillars were 50 µm high with a diameter of 2 µm and an
interspacing of 2 µm. In order to reach saturated exposures, the exposure
times had to be tripled for both TMA and the organic reactants: 15 s for
TMA; 60 s for EG and GL. An EDX line scan along the edge of a pillar was
measured to confirm that the hybrid coating is present and equally thick
from the top to the bottom of the pillar.
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Figure 4.2: Difference spectra measured after TMA and EG exposures with in situ
FTIR.
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Figure 4.3: Difference spectra measured after TMA and GL exposures with in situ
FTIR.

In figures 4.24.2 and 4.34.3 difference infrared spectra illustrating the chemi-
cal changes after each precursor and reactant exposure are shown. These
difference spectra are obtained by subtracting the spectrum measured af-
ter the previous exposure from the spectrum measured after the current
one. “After TMA” represents the spectrum measured after TMA exposure
subtracted from the spectrum measured after the previous EG or GL ex-



paper i - supplementary information 81

posure. The difference spectra shown in 4.24.2 and 4.34.3 were averaged over
200 deposition cycles in order to improve the signal-to-noise ratio. This
averaging is possible due to the repetitive and reproducible nature of the
MLD process.

Both spectra share many common features due to the fact that for both
processes TMA was used as the precursor, and that EG and GL are chem-
ically relatively similar. A broad band ranging from 3000 to 3500 cm−1 is
visible and is associated to the addition and removal of OH groups, which
originate from the organic reactants. In the 2700 to 3000 cm−1 range, multi-
ple vibrations are present and are attributed to methyl groups, which are
linked to TMA, and CH/CH

2
groups from the organic reactants. In the

fingerprint region, at 1205 cm−1 the CH
3

deformation mode is found and
is attributed to TMA. After EG and GL exposure, C-C and C-O modes are
present at respectively 1135 cm−1 and 1084 cm−1. In the 850 to 920 cm−1

wavenumber range, the Al-O phonon vibration mode appears in the spec-
tra. Finally, at 693 cm−1 the CH

3
rocking mode, attributed to TMA, is seen.
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abstract

Molecular layer deposition (MLD) of hybrid organic-inorganic thin films
called ”titanicones” was achieved using tetrakisdimethylaminotitanium
(TDMAT) and glycerol (GL) or ethylene glycol (EG) as precursors. For EG,
in situ ellipsometry revealed that film growth initiates, but terminates after
only 5 to 10 cycles, probably because both hydroxyls react with the sur-
face. GL has a third hydroxyl group, and in that case steady state growth
could be achieved. The GL process displayed self-limiting reactions for
both reactants in the temperature range from 80 ◦C to 160 ◦C, with growth
rates of 0.9 to 0.2 Å /cycle, respectively. Infrared (FTIR) and X-ray pho-
toelectron spectroscopy (XPS) confirmed the hybrid nature of the films,
with a carbon atomic concentration of about 20%. From X-ray reflectivity,
the density was estimated at 2.2 g cm−3. A series of films was subjected
to water etching and annealing in air or He atmospheres at 500 ◦C. The
carbon content of the films was monitored with FTIR and XPS. Almost all
carbon was removed from the air annealed and water treated films. The
He annealed samples however retained their carbon content. Ellipsomet-
ric porosimetry (EP) showed 20% porosity in the water etched samples,
but no porosity in the annealed samples. Electrochemical measurements
revealed lithium ion activity during cyclic voltammetry in all treated films,
while the as-deposited film was inactive. With increasing charge current,
the He annealed samples outperformed amorphous and anatase TiO

2
ref-

erences in terms of capacity retention.

introduction

Molecular layer deposition (MLD) is a thin film deposition technique
where hybrid organic-inorganic films are grown by exposing the substrate
to subsequent, self-limiting, (metal-)organic precursor gases. The method
is very closely related to atomic layer deposition (ALD) of inorganic lay-
ers.[22] Therefore it exhibits many of the attractive properties of ALD, such
as precise thickness control and conformality on high aspect ratio struc-
tures. MLD is known in the literature since the early 90’s for the deposi-
tion of polymer films.[66] Only more recently, interest in hybrid organic-
inorganic thin films has arisen.[1111] These hybrid films display several
intriguing properties and applications in flexible electronics and photo-
catalysis. [3232, 6565, 115115] Today, several MLD processes have already been
developed for various hybrid materials, called ’metalcones’, by combin-
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EG GL 4-Aminophenol 4,4’-oxydianiline
[1616] [1616] [116116] [117117]

GPC (Å) 4.3 2.6 11 0.7
Window (◦C) 80-135 130-210 120-160 250-490

Density (g cm−3) 1.8 1.8 1.9-2.2 /
Stable in air? No Yes Yes Yes

Table 5.1: Overview of known titanicone processes in the literature.

ing known metal-organic precursors from ALD with organic reactants as
ethylene glycol (EG) and glycerol (GL). The alucone process for an alu-
minium oxide hybrid is the most extensively studied and many processes
using different organic compounds exist.[1111, 2525, 2727, 2828] Other metalcones
known in the literature are zincone[1919, 2020], zircone[2121], hafnicone [2222] and
titanicone [1313, 1616, 116116, 117117]. It has been shown that these metalcones can
be transformed into porous metal oxides through water etching and calci-
nation in air.[3434]

Titanicones have received much attention in the last years. A short
overview of titanicone processes known in the literature up to now is
presented in table 5.15.1. All these processes are based on TiCl

4
as the tita-

nium precursor. TiCl
4

is a relatively small molecule, and combined with
the larger organic reactants it leads to high growth rates which are mainly
limited by steric hindrance caused by the organic reactants. It has been
reported that these titanicones can be transformed into conductive films
through pyrolysis at temperatures up to 900 ◦C [6060]. Since ALD TiO

2
is a

known anode material for lithium-ion batteries [118118], there could be heat
or other treatments to be discovered that activate the film as a working
electrode material.

In this work, tetrakis(dimethylamino)-titanium (TDMAT) has been in-
vestigated as an alternative titanium precursor for TiCl

4
. TDMAT is a well-

known precursor in the ALD literature and is suited for the deposition of
TiO

2
and TiN by both thermal and plasma enhanced processes [119119–121121].

Here, TDMAT has been combined with both EG and GL as organic re-
actants. With the application of in situ ellipsometry measurements, the
process parameters could be optimized. Ex situ techniques enabled the
study of the titanicone film characteristics, such as morphology and com-
position. A series of films were subjected to several post-deposition treat-
ments, such as water etching and annealing in air and He atmospheres.
The influence of these treatments on film properties was investigated. Ad-
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Figure 5.1: A simplified schematic diagram of the molecular layer deposition reac-
tor.

ditionally, the films were tested for lithium-ion electrochemical activity
and compared to amorphous and anatase TiO

2
reference samples.

experimental

For the deposition of the hybrid titanicone films, a dedicated reaction
chamber was designed and constructed out of stainless steel. A schematic
representation of the system can be seen in Figure 5.15.1. The reaction cham-
ber was continuously pumped down by a turbo-molecular pump to a base
pressure in the range of 10−6 mbar. The deposition chamber was heated
to a temperature of 120 ◦C to avoid condensation of the organic reactants.
The samples were heated by a copper block fitted with resistive cartridge
heaters. The sample temperature was continuously monitored and regu-
lated precisely by a PID controller with an attached thermocouple. The
bubbler containing the TDMAT precursor (99.999%, Sigma-Aldrich) was
kept at a constant temperature of 30 ◦C for stability. The TDMAT delivery
line was heated to 50 ◦C. The precursor was dosed into the reaction cham-
ber in an argon (99.999% pure, Air Liquide) flow, due to its low vapor
pressure. The EG container (99.997%, Sigma-Aldrich) was heated to 80 ◦C
and required no carrier gas. The GL precursor (99.5%, Sigma-Aldrich) re-
mained at a constant temperature of 60 ◦C and was pulsed into the depo-
sition chamber in an argon flow. The standard substrate for process devel-
opment was Si with 100 nm thermal oxide on top. For the electrochemical
measurements a Si substrate with an 80 nm Pt current collector on top of
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60 nm TiN was employed, both deposited by physical vapor deposition
(PVD).

On this homebuilt MLD reactor a spectroscopic ellipsometer (SE) could
be attached, enabling in situ monitoring of the optical properties of the
film during the process. The ellipsometer (J.A. Woollam, Model M-2000)
operates in the ultraviolet to near infrared region. The data was analyzed
in the provided CompleteEASE software package. The optical model con-
sisted of a fixed Si substrate and 100 nm SiO

2
layer, with the titanicone

layer, modelled by a Cauchy dispersion relation with the thickness as the
only adjustable parameter, on top. The optical parameters of the titanicone
layer were calibrated through several samples for which the thickness was
determined by X-ray reflectivity (XRR) measurements.

X-ray diffraction (XRD), X-ray fluorescence (XRF) and XRR measure-
ments were performed on a Bruker D8 Discover diffractometer. XRD and
XRR employed a Cu Kα X-ray source (λ = 0.154 nm). For XRF, a Mo Kα
source was used (λ = 0.071 nm) on an Artax system from Bruker with
an XFlash 5010 silicon drift detector. In situ XRD data during annealing
was carried out on a homebuilt setup fitted with a position-sensitive de-
tector under helium and ambient atmospheres. X-ray photoelectron spec-
troscopy (XPS) was performed using Al Kα radiation (λ = 0.834 nm) on a
Thermo Scientific Theta Probe system. After measurement, the resulting
spectra were analyzed with the CasaXPS software package for calculation
of atomic concentrations.

Scanning electron microscopy (SEM) images, along with energy disper-
sive X-ray spectroscopy (EDX) measurements, were acquired on a Quanta
200F (FEI) SEM instrument using a 10 keV electron beam. Together with
SEM imaging, atomic force microscopy (AFM) was utilized to study the
morphology of the films. The rms roughnesses were fitted from 1 µm2

sized images, gathered by a Bruker Dimension Edge microscope.

Ellipsometric porosimetry (EP) [8080, 107107] was used to determine the
porosity, pore size distribution (PSD) and shape of porous films. In this
setup, the change in refractive index is measured while filling the pores
with toluene vapor. After evacuation of the system, this vapor is dosed
into the chamber by a controllable valve. This valve allows to gradually
increase the pressure in the chamber while simultaneously taking ellip-
sometry measurements. From the SE data, the adsorption and desorption
isotherms can be derived, and information on the porosity, PSD and pore
shapes can be attained. Prior to measurement, all samples were dried in a
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tube furnace for at least 4 hours at 100 ◦C to remove any condensed water
from the pores. A Vertex 70v Fourier-transform infrared (FTIR) spectro-
meter from Bruker was employed for infrared spectroscopy. Internally, a
globar source (mid IR), KBr beamsplitter and DLaTGS detector were in-
stalled on the optics bench.

Electrochemical measurements were performed with a Metrohm Auto-
lab PGSTAT302 potentiostat, connected to a three-electrode setup, inside
an argon-filled glove box (O

2
and H

2
O content below 1 ppm). Contact-

ing of the Pt current collector to copper foil was done with silver paste
on the edges of the sample. A solution of 1M LiClO

4
in propylene car-

bonate (99%, io-li-tec) functioned as the Li+ electrolyte. The counter and
reference electrodes for the measurements were pure lithium strips (99.9%,
Sigma Aldrich). Cyclic voltammetry (CV) measurements were performed
between the boundaries of 0.8 to 3.2 V at a sweep rate of 10 mV s−1. Gal-
vanostatic charging and discharging experiments were executed at cur-
rents ranging from 1 µA to 10 mA. The area of the cell was 0.9503 cm2.

results and discussion

Titanicone MLD with the TDMAT precursor

Firstly, we will discuss two MLD processes based on the TDMAT pre-
cursor: the EG and the GL process. EG is the most well-known organic
reactant in the MLD literature and thus was a straightforward choice for
the development of a new process. With the help of in situ SE, the film
thickness could be measured after every cycle. The TDMAT/EG process
sequence is as follows: 60 s TDMAT, 60 s pump time, 45 s EG, 60 s pump
time. The pressure of the TDMAT precursor with the argon flow was set to
5 × 10−3 mbar; the pressure of the EG precursor was held at 2 × 10−2 mbar.
As seen in figure 5.25.2, initial film growth is observed during the first 5 cy-
cles. Then, the growth per cycle (GPC) rapidly decreases to less than 0.1 Å
per cycle. It appears that active surface sites are being removed in the first
cycles of the process, thus terminating the film growth. Even after exe-
cuting 300 cycles, the resulting film thickness remains unmeasurable by
XRR, hence below a few nanometers. For this reason, the optical model
used for analyzing the ellipsometry data is based on the working TD-
MAT/GL process and may not be perfectly accurate for this process. The
TDMAT/EG process was tested at temperatures ranging from 80 to 150◦C,
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Figure 5.2: (a) Comparison between the titanicone film growth during the first
25 cycles of the TDMAT/EG and TDMAT/GL processes, using in situ SE data.
The sample temperature was 100 ◦C. (b) Schematic comparison of both processes,
illustrating the double EG surface reactions.

and EG pulse durations up to 180 s. Similar behavior as shown in figure
5.25.2 was observed at each temperature and pulse length. A possible cause
of the growth termination is the previously reported effect of EG reacting
twice with the surface [1111]. Reactive sites are bridged by EG without of-
fering new hydroxyl species for the TDMAT molecule. This is illustrated
in figure 5.25.2. Previous reports on this effect show a gradual decrease with
increasing cycle number in contrast to the very abrupt termination here.
For the working TiCl

4
/EG process reported in the literature the etching

effect of HCl formed during the process may explain why this growth
termination is not seen there.[117117]

Next, the TDMAT and GL process was investigated. Glycerol is an or-
ganic molecule with three hydroxyl groups available for reaction. For this
process it was expected for the growth termination to significantly dimin-
ish or even completely disappear. Even when two hydroxyl groups of
the GL molecule react with the surface, a third group still remains avail-
able for continued growth. This is also illustrated in figure 5.25.2. The film
growth during the first 25 cycles of the TDMAT/GL process, based on in
situ SE data, is shown in figure 5.25.2, and compared with the TDMAT/EG
process. The process sequence was the following: 90 s TDMAT pulse, 45 s
pump time, 120 s GL pulse, and 60 s pump time. It is clear that the growth
rate was significantly higher than for the EG-based process. Substrate-
enhanced growth was observed at the start of the process. After about 10

cycles the GPC stabilized to a value of 0.76 Å/cycle at a sample tempera-
ture of 100 ◦C. The growth rate then remained stable for cycle numbers up
to 500, thus good linearity was achieved as shown in figure 5.25.2.
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Figure 5.3: Process characteristics of the TDMAT/GL MLD, based on in situ SE
data combined with ex situ XRR thickness measurements. (a) Linearity is shown
for up to 500 cycles at a temperature of 100 ◦C. (b) Saturation curves for both
TDMAT and GL precursors. (c) Temperature window where stable growth was
observed. GPC decreases with increasing temperature.
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The curves displayed in figure 5.35.3 show that saturation was achieved for
both precursors. The GPC saturated at TDMAT pulse times higher than
90 s and GL pulse times above 120 s. Also, zero film growth was observed
when dosing only TDMAT or GL into the reaction chamber. This pro-
vides clear evidence for the self-limiting nature of each surface reaction.
The pulse times needed to reach saturation for this process were higher
than what is usually reported in the MLD literature. The reason for this
is probably a combination of two effects. First, the homebuilt MLD setup
is a pump-type system. In the ALD literature it is generally known that
these systems require higher pulse times compared to flow-type systems.
Secondly, the GL was kept at a temperature of 60 ◦C where its vapor pres-
sure was low. Hence, a supporting argon flow and long exposure times
were necessary. The TDMAT/GL process was stable in a broad tempera-
ture window ranging from 80 ◦C (lowest sample temperature attainable in
the hot-wall reactor) to 160 ◦C (limited by TDMAT decomposition). The
growth rate decreased with increasing temperature, from 0.95 Å/cycle
at 80 ◦C to 0.24 Å/cycle at 160 ◦C, which was also observed for TDMAT-
based TiO

2
ALD processes [119119–121121]. In the literature, this was attributed

to an increased TDMAT desorption from the surface at higher tempera-
tures [119119].

Characterization of the as-deposited titanicone film

The composition, morphology and other properties have been studied on
as-deposited titanicone films with a thickness of 38 nm. The samples were
deposited with a TDMAT/GL process of 500 cycles at a temperature of
100 ◦C.

The composition of the films was studied using FTIR, XPS, XRF and
SEM-EDX. Both XRF and SEM-EDX data show a clear titanium signal, pro-
viding evidence for the presence of Ti in the film. Infrared spectroscopy
provides more detailed information regarding the chemical bonds in the
film. The spectrum gathered by FTIR is shown in figure 5.45.4. Multiple char-
acteristic absorption modes for both carbon and titanium related groups
can be observed. At wavenumbers 2928 cm−1 and 2870 cm−1, CH

2
stretches

originating from the GL molecule (TDMAT only contains methyl groups)
can be found, together with a smaller absorption at 1248 cm−1. The strong
C-C and C-O absorptions at 1135 cm−1 and 1086 cm−1 can also be linked
to the GL molecule [1111]. At low wavenumbers, vibration modes related
to the Ti-O bonds can be observed. More specifically, at 820 cm−1 a sharp
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peak assigned to the Ti-O stretch mode is present. In the range 720 to 550
cm−1, a band of absorptions related to Ti-O-Ti bonds can be seen [122122].
The combination of both the carbon related groups and the Ti absorp-
tions provide evidence for the successful deposition of a hybrid organic-
inorganic film containing titanium. In order to quantify the amount of
carbon incorporated into the film, XPS measurements were performed.
The expected elements (Ti, O and C) appear in the spectrum. The carbon
peak remains after several sputtering steps, thus proving that the carbon
is effectively incorporated into the film. For calculation of the atomic con-
centration of the elements, the Ti2p, O1s and C1s regions were scanned in
more detail, resulting in the following estimates: 25.8% titanium, 53.4%
oxygen and 20.8% carbon. It can be noted that the ratio of titanium to oxy-
gen is approximately the same as for regular TiO

2
. XRD measurements

showed that the as-deposited film was amorphous as no diffraction peaks
were observed.

SEM imaging and AFM were used to study the surface morphology
of the film. From the AFM measurement, which is shown as an insert in
figure 5.55.5, it is clear that the as-deposited surface is very smooth. The rms
roughness from this image was calculated to be 0.35 nm. The SEM image
displayed no visible features and confirms the film smoothness.

For the in situ monitoring of the MLD process, an optical model for
the titanicone film had to be developed. An empirical Cauchy dispersion
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Figure 5.4: Infrared spectrum of an as-deposited titanicone film of 38 nm, de-
posited at 100 ◦C
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Figure 5.5: XRR measurement and simulation of a 38nm titanicone film for density
calculation. An AFM measurement of the sample surface is presented as an insert.

relation of the type n(λ) = A + B/λ2 + C/λ4 was chosen. The A,B and
C parameters of this model were then calibrated by fitting the measured
data to several samples for which the thickness was measured by XRR.
This analysis yielded the following values for the parameters: A = 1.679,
B = 7.30 × 103 nm2 and C = 2.08 × 109 nm4. The resulting model was very
accurate for the deposited films and able to calculate the correct thickness
by data fitting with a low mean squared error. In this model, the refractive
index is 1.72 at a wavelength of 600 nm.

XRR measurements were performed for both the thickness calibration
of the ellipsometry model, and the calculation of the film density through
data fitting. The result of this analysis is presented in figure 5.55.5. The esti-
mated film density is 2.2 g cm−3. After deposition, several deposited films
were left exposed to ambient air for two weeks. Then, the XRR measure-
ments were redone. No significant change in either the thickness or den-
sity of the films was observed. From this we can conclude that the films
are stable in ambient air.

Water and heat treatment of titanicone films

A series of titanicone films, deposited with the same process parameters,
was subjected to water and heat treatments. A total of 300 TDMAT/GL
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cycles were executed at a sample temperature of 100 ◦C. This corresponds
to a starting film thickness of 24.6 nm. The titanicone films were deposited
on Si substrates with either 100 nm thermal oxide, or an 80 nm Pt on 60 nm
TiN stack. The last substrate was used only for the electrochemical mea-
surements.

The water etching treatment consisted of submerging the as-deposited
sample in deionized water for 5 days at room temperature. After approx-
imately a few hours, bubbles started to form on the sample which is an
indication of the removal of carbon groups from the hybrid layer, a phe-
nomenon also reported for alucones [3434]. Two separate heat treatments
were also performed on as-deposited samples: annealing in air and he-
lium atmospheres. During annealing, the temperature was ramped up at
a rate of 10 ◦C min−1 to 500 ◦C. This temperature was held for 10 minutes
before the heating was turned off and the samples cooled down back to
room temperature. From this point the different samples will be referred
to as follows: N for non-treated, A for annealed in air, H for annealed in
helium and W for water etched.

In situ XRD was performed during the annealing experiments to moni-
tor the possible formation of crystalline phases. The result of the XRD mea-
surements for sample A is shown in figure 5.65.6. During annealing, sample
A crystallized to the anatase TiO

2
phase. Almost all carbon was removed

during annealing (as shown in XPS measurements later), which allowed

3

2

1

0

-1

-2

Co
un

ts
 p

er
 s

ec
on

d 
/ 

10
3

6050403020
2✓ (�)

(101)

(200)

 XRD pattern
 Anatase TiO2

(105)
(211)

Figure 5.6: Ex situ XRD scan showing the crystallization to anatase TiO
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annealing in air at 500 ◦C.
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Table 5.2: Results of the EP measurements and analysis on the treated films.

Porosity Refr. Thickness Density
index (nm) [decrease] (g cm−3)

N 0% 1.72 24.6 [ / ] 2.2
W 21% 1.52 19.1 [22%] 1.9
A 2% 2.07 10.5 [57%] 4.3
H 1% 2.25 16.8 [32%] 3.1
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Figure 5.7: Absorbance difference in infrared spectroscopy of the treated samples,
compared with the N sample.

the remaining TiO
2
-like film to crystallize. The other sample types H and

W remained amorphous after treatment.

EP measurements were performed on all samples to gauge possible
porosity induced by the treatments. A summary of the results is presented
in table 5.25.2. Only sample W showed a clear porosity of about 21% in the EP
measurements. From the shape of the isotherms we can conclude that the
pore shape is cylindrical. Performing extra analysis using the Brunauer-
Emmett-Teller (BET) theory provides extra information on the pore size
distribution (PSD). For sample W the PSD reached a maximum around
the value of 1 nm.

The change in composition of the samples after the treatment was inves-
tigated using infrared spectroscopy (FTIR) and XPS. The result of the IR
spectroscopy study is shown in figure 5.75.7. Here, the spectra presented are
referenced to the N sample. Hence, the removal of chemical bonds from
the film is indicated by negative peaks in the difference spectra. Focussing
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on the CH
2

stretch vibration modes, it is clear that a certain amount of
these groups were removed by the different treatments. The removed frac-
tion is smaller for the W sample than for the A and H samples. Looking
at the C-C and C-O modes, there also appears to be a significant differ-
ence between the W and A/H samples. The position of the peaks shows
that the water treatment impacts mainly the C-O bonds while the heat
treatments focus on both C-C and C-O groups. The results from the XPS
analysis are presented in table 5.35.3. It confirms the trend seen in infrared
spectroscopy of the CH

2
vibration modes. For sample W a fraction of the

total carbon content is removed, while for sample A no carbon remains
after the calcination treatment. Sample H is however different. From XPS
it is clear that all carbon is retained in the film although C-H, C-C and C-O
bonds disappear as seen in infrared spectroscopy. From this we conclude
that the carbon remains inside the H films in a different form which is not
immediately evident.

Table 5.3: Comparison of the composition of the titanicone films in atomic concen-
trations, determined by XPS.

C (%) Ti (%) O (%)
N 21 26 53

W 7 29 64

A 1 31 68

H 24 24 52

Electrochemical measurements on titanicone films

Both the non-treated and treated titanicone samples were tested as elec-
trodes in a lithium-ion cell. For comparison purposes, two TiO

2
reference

films were deposited by 300 cycles TDMAT/H
2
O thermal ALD. This re-

sulted in a thickness of 11 nm. One film was kept amorphous while the
other received an identical annealing treatment to sample A. XRF was em-
ployed to compare the amount of titanium in the reference samples to the
titanicone films. The integrated area below the Ti XRF peak is proportional
to the amount of Ti atoms in the film. The electrochemical data for the ref-
erence samples shown here was normalized to the same amount of Ti as
in the titanicone films, to make the comparison more straightforward.
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Figure 5.8: Cyclic voltammograms of all samples, taken at a scan rate of 10 mV s−1

in the potential range of 0.8 to 3.2 V versus Li+/Li. The arrows indicate the scan
direction. The 5th scan after initial stabilization is shown, except for sample W
where the 15th scan is displayed.
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First, the potential was swept in a potential range of 0.8 to 3.2V versus
Li+/Li during cyclic voltammetry. The resulting cyclic voltammograms
are shown in figure 5.85.8. Sample N displayed no oxidation or reduction
peaks during cycling, so we conclude that the as-deposited film is electro-
chemically inactive towards lithium ion insertion in this potential range.
The treated samples did show charging and discharging behavior during
CV measurements. For all samples, except for W, the CV stabilizes after
5 lithium insertion and extraction cycles. Sample A showed a clear reduc-
tion and oxidation (Li+ insertion and extraction) peak centered around
1.91 V vs Li+/Li. This is very close to the average peak position at 1.96 V
vs Li+/Li for the anatase reference. The shape of the voltammograms
also was very similar. Both in the voltammograms for sample H and the
amorphous reference very broad current waves were observed. For the
amorphous reference, the average peak position was 1.17 V vs Li+/Li. No
clear peaks could be discerned in the voltammogram of sample H, hence
no average position is reported. The similar shape of the voltammograms
is consistent with the amorphous nature of sample H measured with XRD.
Sample W showed drastically different behavior than the other samples.
During cycling, the reduction and oxidation peaks kept increasing until
the CV stabilized after 15 cycles. A large reduction peak was found at
1.45 V vs Li+/Li. Two oxidation peaks appeared at 2.36 and 2.90 V vs
Li+/Li. The voltammogram did not exhibit typical capacitive behavior
since the sign of the current remained unchanged after switching the scan
direction. Instead, two current plateaus were observed which are indica-
tive of homogeneous reactions occurring at the electrode. Cyclic voltam-
metry measurements on a bare Pt sample revealed an almost identical
behavior. It appears that the electrolyte is in direct contact with the cur-
rent collector and was therefore capable of reacting chemically with Pt
during the CV measurements. This observation is complementary to the
porous nature of the water etched samples seen during EP measurements.

After the cyclic voltammetry measurements, charging and discharging
experiments were performed on the same samples. The charging and dis-
charging current was increased stepwise for each charge and discharge
cycle, starting at 1 µA and ending at 10 mA. Every time the current had
reached an order of magnitude increase, the next cycle was performed at
the starting current of 1 µA. This way the stability of the electrodes could
be checked and possible degradation would be noticed. For all samples,
except N and W, there was no noticeable decrease in delithiation capacity
in this experiment. Samples N and W were excluded from these mea-
surements because they showed respectively no activity or no capacitive
behavior during cyclic voltammetry.
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Figure 5.9: Comparison of the delithiation capacity densities of the treated and
reference samples with increasing charge/discharge current

The delithiation capacity is presented as a function of charge current in
figure 5.95.9. At low charge currents, the reference samples showed a larger
capacity than any of the titanicone samples. However, at increasing cur-
rents the capacity of the reference samples dropped faster than the heat
treated samples. Sample H showed the most promising results. For charge
currents above 5 µA, it performed better than the anatase reference. Above
50 µA, it even improved on the amorphous reference sample. At a charge
current of 2 mA the delithiation capacity of the He annealed sample was
4.7 times higher than the capacity of the amorphous reference sample.
This improved rate performance can most likely be attributed to an in-
creased conductivity caused by the carbon inside the film [6060]. Sample
A also displayed improved capacity at higher currents, although the dif-
ference with the references was less pronounced as with sample H. At
currents above 20 µA, the capacity rose above the value for the anatase
reference. Beyond 500 µA there was a slight gain over the amorphous ref-
erence.

conclusions

In this work, two novel processes for the molecular layer deposition of
titanicone were investigated, using TDMAT as the titanium precursor. For
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the TDMAT/EG process, growth is quickly terminated after about 10 cy-
cles, presumably caused by double surface reactions of the EG. The TD-
MAT/GL process on the other hand shows typical MLD behavior with
good linearity versus cycle number and a saturated growth rate at long
enough TDMAT and GL pulse times. The temperature window for the
process ranges from 80 ◦C to 160 ◦C with the respective growth rates de-
creasing from 0.95 Å/cycle to 0.24 Å/cycle. The hybrid nature of the as-
deposited films was confirmed with both FTIR and XPS, showing a car-
bon content of about 20%. From AFM and SEM measurements, it was
clear that the films were smooth, having a low rms surface roughness
of 0.35 nm. The density of the film was estimated at 2.2 g cm−3 and the
refractive index was 1.72 at a wavelength of 600 nm.

Three different post-deposition treatments were performed on the as-
deposited films: annealing up to 500 ◦C in inert (He) and oxidizing (air) at-
mospheres, and water etching. For both the air annealed and water etched
samples, carbon was removed from the film. However, for the He annealed
samples the carbon content remained unaltered. After the treatments, EP
revealed about 20% porosity in the water etched sample and none in the
other samples. The air annealed sample was transformed to anatase TiO

2
.

All treated samples were electrochemically active, as opposed to the as-
deposited films. The water etched samples showed no capacitive behav-
ior during cyclic voltammetry because the porous nature of the film al-
lowed direct contact between the electrolyte and the Pt current collector.
Both the air and He annealed samples displayed an improved rate perfor-
mance when compared to their respective anatase and amorphous TiO

2

references. The He annealed samples showed the highest capacity of all
treated samples. At a charge current of 2 mA, its capacity was 4.7 times
higher than the capacity of the amorphous reference. This result may open
up a possible application for this film as buffer layer to improve the rate
performance of an existing bulk electrode material.
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abstract

Molecular layer deposition (MLD) of hybrid organic-inorganic thin films
called “vanadicones” was investigated using tetrakisethylmethylaminova-
nadium (TEMAV) as the metal precursor and glycerol (GL) or ethylene
glycol (EG) as organic reactants. Linear and continued growth could only
be achieved with GL as the organic reactant. The TEMAV/GL process dis-
played self-limiting reactions for both precursor and reactant pulses in the
temperature range from 80 ◦C to 180 ◦C, with growth rates of 1.2 to 0.5
Å/cycle, respectively. Infrared spectroscopy (FTIR) and X-ray photoelec-
tron spectroscopy (XPS) revealed the hybrid nature of the films. From X-
ray reflectivity, the density was estimated at 2.6 g cm−3. A series of 21 nm
vanadicone films were subjected to annealing in oxidizing (air) or inert
(He) atmospheres at 500 ◦C. During annealing in air, the film crystallized
to the V

2
O

5
phase and all carbon was removed from the film. The films an-

nealed in helium remained amorphous and retained most of their carbon
content. Electrochemical measurements revealed lithium-ion activity dur-
ing cyclic voltammetry in all treated films, while the as deposited film was
inactive. In the 2.9 to 3.5 V vs. Li+/Li potential region, no improvement
over the V

2
O

5
reference was observed. However, the helium annealed

samples outperformed V
2
O

5
in terms of capacity, rate performance and

cyclability when charged and discharged in the 1.0 to 3.5 V vs. Li+/Li re-
gion. This result enables application of VxOy-based hybrid electrodes in a
wider potential range without sacrificing stability and performance.

introduction

Portable electronic devices as we know them today are difficult to imag-
ine without rechargeable lithium-ion batteries. Ever since the introduction
of lithium-ion intercalation chemistry, large research efforts have been de-
voted to the search of electrode materials with increased cycle life time
and higher capacity.[4040, 123123] Many challenges still remain in this field,
one of which is the miniaturization of the battery itself.[4444, 124124, 125125] This
is driven by the global trend towards scaling down electronic components
and the increasing demand for embedded power sources. New deposi-
tion techniques for electrode materials are required in order to reach the
nanoscale. One such technique is atomic layer deposition (ALD).[22] This
deposition method exhibits many attractive properties such as precise
thickness control and excellent conformality on complex 3D structures
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due to the self-limiting nature of the gas-surface reactions. Its application
in lithium-ion batteries has already been widely shown in the literature
and ranges from surface modification for the improvement of existing elec-
trodes to the synthesis of electrodes, solid electrolytes, and even complete
3D microbatteries.[4646, 4747, 5050, 8181, 8282]

Molecular layer deposition (MLD) is a relatively novel variant of ALD
where organic groups are intentionally built into the growing film. This
is accomplished by combining traditional metal-organic ALD precursors
with organic reactants as ethylene glycol (EG) and glycerol (GL). The re-
sulting layer is a hybrid organic-inorganic film which is usually referred
to as a “metalcone”. Alucone, titanicone, zincone, zircone, hafnicone, and
more have already been reported in the literature.[1111, 1414, 1616, 1717, 1919–2222]
Metalcone films have been proven interesting as a protective coating on
electrode materials.[126126] The added flexibility originating from the or-
ganic chains enables the film to cope with volume expansion during lithia-
tion whilst protecting the electrode from the electrolyte. Only few reports
exist on the synthesis of electrodes via MLD: lithium terephthalate and
titanicone were examined as anode materials.[1717, 5959]

Vanadium oxides, with V
2
O

5
in particular, are well-known electrode

materials for lithium-ion batteries. V
2
O

5
is a high capacity cathode for

which several ALD processes are available, based on the vanadium tri-
isopropoxide (VTIP), VO(thd)

3
and tetrakisethylmethylaminovanadium

(TEMAV) precursors.[127127–133133] However, no vanadium-based MLD pro-
cesses have been reported in the literature so far. V

2
O

5
can be tested in a

battery cell in three potential ranges, corresponding to the intercalation of
one, two or three lithium atoms per V

2
O

5
. The broader potential ranges

for Li
2–3

V
2
O

5
lead to a much higher initial capacity. However, in these po-

tential ranges the material suffers from reduced rate performance and a
faster capacity drop-off versus the charge/discharge cycle number due to
phase changes occurring during lithiation and delithiation.[127127, 129129, 134134–
136136] In the literature several reports exist on the electrochemical charac-
terization of ALD vanadium oxides. A nice overview of the performance
of the ALD films is presented by Chen et al.[129129] Here, also a clear dif-
ference between the three potential ranges was observed, and between
amorphous and crystalline films. The amorphous films appear to possess
a higher stability and rate performance when compared to the crystalline
vanadium oxides. In the broadest potential range, 1.5 to 4.0 V vs. Li+/Li
, the highest gravimetric capacities are observed at 440 mA h g−1 for crys-
talline V

2
O

5
and 350 mA h g−1 for amorphous V

2
O

5
.[129129] However, in this

potential range the rate performance is poor.[127127] In the narrower range
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between 2.6 to 4.0 V vs. Li+/Li a lower capacity around 120 mA h g−1 is
measured, but the rate performance is much improved.[130130, 137137]

In this work, MLD for vanadium-based hybrid films has been investi-
gated using the TEMAV precursor and EG or GL as the organic reactants.
In situ techniques enabled the study of the film growth and reaction mech-
anism during the process. Properties of the as deposited film were charac-
terized with various ex situ methods. A series of films was subjected to a
heat treatment in inert and oxidizing atmosphere. This type of treatment is
known to alter the structure, composition and electrochemical properties
of the film.[1717, 3434, 3535, 6060, 6868, 8585, 138138] After characterization, the films were
tested in lithium-ion cells as an electrode material. The rate performance,
capacity and cyclability of the films was determined and compared with
V

2
O

5
reference samples.

experimental

A dedicated pump-type setup was employed for the deposition of the
hybrid vanadicone films.[1717] During idle operation, a base pressure of
10−6 mbar was obtained in the reaction chamber. The chamber walls were
heated to a temperature of 130 ◦C to avoid reactant condensation. The
TEMAV precursor was kept at a temperature of 45 ◦C to ensure a stable
exposure during MLD. The delivery line was heated to 70 ◦C. A flow of
argon (99.999% pure, Air Liquide) through the TEMAV bubbler during
dosing aided in enhancing the precursor exposure. During exposure, the
TEMAV with argon pressure was kept constant at 5 × 10−3 mbar with the
help of a needle valve. The EG and GL containers remained at respec-
tively 80 ◦C and 60 ◦C. Due to the low vapor pressure of GL, argon as a
carrier gas was required. The EG pressure during MLD was constant at
2 × 10−2 mbar; the GL with argon pressure was kept at 5 × 10−3 mbar.

Two in situ techniques were available on the setup and enabled mon-
itoring of the hybrid film during deposition: spectroscopic ellipsometry
(SE) and Fourier-transform infrared spectroscopy (FTIR). For SE, a model
M-2000 ellipsometer from J.A. Woollam (300 to 1000 nm) was attached to
the system and provided information on the thickness and optical prop-
erties of the growing film. Data analysis was performed in the provided
CompleteEASE package. A Tauc-Lorentz dispersion relation proved to be
an accurate model for the vanadicone layers. The multiple parameters of
this model were optimized through calibration with several samples with
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a known thickness, measured by X-ray reflectivity (XRR). For in situ FTIR
in transmission mode, a separate reaction vessel with infrared-transparent
ZnSe windows was built into the sample compartment of a Bruker Ten-
sor 27 FTIR spectrometer. This spectrometer was fitted with a standard
configuration of a globar source (mid IR), KBr beamsplitter and DLaTGS
detector. The optics compartment was purged with dry air in order to re-
move CO

2
and H

2
O contributions from the measured spectra. The signal-

to-noise ratio was insufficient to enable cycle-by-cycle monitoring of the
process. However, surface groups added and removed by the precursor
and reactant became clearly visible in spectra that were averaged out over
150 MLD cycles. This is due to the repetitive and reproducible nature of a
MLD, or in general ALD, cycle.

Samples for process development and (in situ) characterization were de-
posited on Si with native oxide. Physical vapor deposited (PVD) platinum
(80 nm) on top of 60 nm TiN on Si served as the current collector for elec-
trochemical measurements, on top of which the vanadicone films were
deposited.

Ellipsometric porosimetry (EP) was employed to quantify the poros-
ity of the samples.[8080, 107107] From the toluene adsorption and desorption
isotherms, the porosity, pore size distribution and pore shapes could be
derived. Prior to the EP measurements, all samples were dried overnight
in a tube furnace at 100 ◦C in order to remove any condensed water.

Scanning electron microscopy (SEM) and atomic force microscopy (AFM)
were utilized to gather information on the morphology of the vanadicone
films. SEM imaging was carried out using a 10 keV electron beam on a
Quanta 200F (FEI) microscope. A Bruker Dimension Edge microscope was
employed to acquire the 1 µm x 1 µm AFM images, from which the rms
roughnesses were calculated.

X-ray diffraction (XRD), X-ray fluorescence (XRF) and XRR measure-
ments were performed on a Bruker D8 Discover diffractometer. A copper
Kα X-ray source (λ = 0.154 nm) was used for XRD and XRR. For XRF an
Artax system with an XFlash 5010 silicon drift detector from Bruker was
fitted with a molybdenum Kα source (λ = 0.071 nm). During annealing
under inert (He) or oxidizing (air) atmospheres, in situ XRD was carried
out on a homebuilt setup fitted with a position-sensitive detector with a
range of 20° in 2θ.[139139] X-ray photoelectron spectroscopy (XPS) data was
measured on a Thermo Scientific Theta Probe system using aluminium
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Kα radiation (λ = 0.834 nm). Data analysis was performed in the CasaXPS
software package.

Electrochemical measurements were executed inside a glove box filled
with argon with a sub-1-ppm H

2
O and O

2
content. The samples were

measured on a three-electrode setup connected to a Metrohm Autolab PG-
STAT302 potentiostat. Silver paste was used to contact the Pt current col-
lector to the underlying copper foil. Lithium strips (99.9%, Sigma Aldrich)
functioned as both the counter and reference electrode. The Li+ electrolyte
was a solution of 1M LiClO

4
in propylene carbonate (99%, io-li-tec). The

area of the cell in contact with the electrolyte was 0.9503 cm2. Cyclic voltam-
metry (CV) was measured at a rate of 10 mV s−1 in the 1.0 to 3.5 V and
2.9 to 3.5 V versus Li+/Li potential ranges. Currents between 1 µA and
1 mA were applied during galvanostatic charging and discharging exper-
iments for gauging the rate capability of the samples. Cyclability was
tested by repeated charging and discharging at a fixed rate of 4C (com-
plete charge/discharge in 1/4 hour) in order to observe the possible degra-
dation of the electrode.

results and discussion

Firstly, the optimization and characterization of the vanadicone MLD pro-
cess is discussed. In the second part, characterization of the as deposited
and heat-treated vanadicone films is presented. Finally, the results of elec-
trochemical testing of the films as an electrode in lithium-ion batteries are
shown.

The vanadicone process

Process development

For the development of an MLD process for a hybrid vanadium-based
film, tetrakisethylmethylaminovanadium (TEMAV) was chosen as the vana-
dium precursor. This precursor has already been implemented success-
fully in ALD processes for vanadium oxides.[131131–133133] Ethylene glycol
(EG) and glycerol (GL) were tested as the secondary reactant in the pro-
cess. Both organic reactants have already been used for a wide variety of
MLD processes and were thus a straightforward choice.[1111, 1414, 1616, 1717, 1919–
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Figure 6.1: Comparison of the first 100 MLD cycles of the TEMAV/GL and
TEMAV/EG processes at a sample temperature of 150 ◦C.

2222] The sample was exposed to TEMAV for 90 s for both TEMAV/EG and
TEMAV/GL processes. The standard pulse times for EG and GL were 20 s
and 30 s respectively.

Film growth of the TEMAV/EG and TEMAV/GL processes was mon-
itored with in situ ellipsometry (SE). The film thickness was measured
after every full process cycle. The results are shown in figure 6.16.1. It is
clear that film growth slowed down dramatically during the first 10 cy-
cles of the EG-based process. At cycle 100, the growth per cycle (GPC)
had decreased even further and dropped below 0.1 Å. After 300 cycles
of this process, the film thickness remained unmeasurable with XRR, in-
dicating that the thickness was less than a few nanometers. Due to this,
it was not possible to calibrate the optical model for SE for this process,
and so the model for the TEMAV/GL process was applied to calculate the
TEMAV/EG growth curve shown in figure 6.16.1. The EG process was tested
in the temperature range of 80 to 200 ◦C, and for EG pulse times up to
120 s, resulting in similar growth behaviour.

We hypothesize that both hydroxyl end-groups of the EG molecules
were able to react with the surface, as illustrated in figure 6.16.1. Since this
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Figure 6.2: Saturation curves for both TEMAV and GL exposures at 150 ◦C sample
temperature. Saturation is reached at pulse durations of 90 and 30 seconds for
TEMAV and GL respectively.

terminates surface sites without the creation of new hydroxyl groups, fur-
ther chemisorption of the TEMAV molecules is not possible and the sur-
face is effectively passivated for further growth. Park et al. observed this
effect for alucone films as a decrease in GPC and investigated this in more
detail. They showed that these double reactions originate from the inher-
ent flexibility of the organic chains and that this flexibility may have a
negative influence on the formation of a smooth and closed film.[2929] Com-
plete termination of film growth has been observed before for titanicone
deposited by the tetriskisdimethylaminotitanium (TDMAT) and EG pro-
cess, and may be inherent to alkylamine metal precursors. [1717] However,
Lee et al. demonstrated that growth was in fact possible with the tetriskis-
dimethylaminohafnium (TDMAHf) and EG process, which indicates that
further research into this phenomenon is necessary. [2222]

The TEMAV/GL process, on the other hand, resulted in linear growth as
seen in figure 6.16.1. Glycerol has one additional hydroxyl group compared
to EG and thus was able to provide an extra surface group in case of a dou-
ble reaction with the surface. After the substrate-enhanced growth during
the first 10 cycles, the GPC stabilized to 0.7 Å at a sample temperature
of 150 ◦C. This rate was observed to remain stable for up to at least 500

cycles. The self-limiting nature of the process is demonstrated in figure
6.26.2. Saturation of the GPC was attained at TEMAV and GL pulse times of
respectively 90 s and 30 s. No growth was seen when dosing only TEMAV
or GL. The long dose time required for TEMAV saturation is due to the
reactor geometry and type, and the low TEMAV bubbler temperature of
45 ◦C. It is probably not an inherent property of this MLD process.
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Figure 6.3: Temperature dependency of the growth rate for the TEMAV/GL MLD
process.

The TEMAV/GL process showed linear growth in the 80 to 180 ◦C tem-
perature range, with a decreasing GPC with increasing temperature. At
the lower end, the temperature was limited by the hot-wall reactor it-
self. At 200 ◦C, the onset of TEMAV decomposition was observed. The
decrease in growth rate at increasing temperature may originate from a
higher TEMAV desorption rate at elevated temperatures. [120120]

In situ infrared spectroscopy

Infrared spectroscopy was performed during the TEMAV/GL process in a
dedicated reaction chamber connected to a FTIR spectrometer in order to
investigate the surface reactions and film constituents in situ. After every
TEMAV or GL exposure, a 100-scan spectrum was measured to be able
to follow the growth of the hybrid film during the process. The tempera-
ture of the sample was 120 ◦C during these experiments. The results are
presented in figures 6.46.4 and 6.56.5.

The growth of the vanadicone film, and the accompanying organic and
inorganic vibration modes, during MLD is shown in figure 6.46.4. The ab-
sorption peaks at 2928 cm−1 and 2860 cm−1 originate from respectively
the asymmetrical and symmetrical CH

2
stretch modes, and are indicative

of the organic content of the growing film.[1111, 1414, 140140] A smaller absorp-
tion peak at 2704 cm−1 from a CH combination mode can also be distin-
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guished. In the so-called “fingerprint” region of the spectrum the CH
2

twisting, C C stretching and C O stretching absorptions at respectively
1248 cm−1, 1135 cm−1, and 1086 cm−1 are visible.[1111, 1414] The latter two
appear as shoulders on the V O stretch peaks at 1040 cm−1 (V5+) and
998 cm−1 (V4+).[140140, 141141] At 926 cm−1 and 858 cm−1 the V O V bridge
and asymmetrical stretch modes appear in the spectrum.[141141, 142142] The
appearance of vibration modes related to both organic and inorganic com-
ponents confirm the hybrid nature of the deposited film.

So-called “Difference spectra”, obtained by subtracting the previous ex-
posure spectrum from the current, are shown in figure 6.56.5. For clarity, the
“after TEMAV” represents the spectrum measured after TEMAV exposure
subtracted by the spectrum measured after GL exposure; vice versa for the
“after GL” difference spectrum. The final “after TEMAV” and “after GL”
difference spectra were calculated by averaging over all the respective “af-
ter” spectra for a 150 cycle process in order to achieve a sufficiently high
signal-to-noise ratio. In these difference spectra a peak can be associated
with an addition of surface groups belonging to that particular vibration
mode; a dip indicates the removal of surface groups. By examining the ad-
dition and removal of surface groups, the difference spectra can provide
insights on the reaction mechanism of the process.

A broad band is visible ranging from 3000 to 3500 cm−1. This band
is assigned to a stretching mode of surface hydroxyl groups which ap-
pear after GL exposure, and disappear again after TEMAV exposure. The
2750 to 3000 cm−1 CHx band appears complicated due to the presence of
methyl and ethyl groups in the TEMAV precursor, and CH

2
/CH groups

in GL. At 2970 cm−1, 2891 cm−1 and 2844 cm−1 CH
3

stretch vibrations
from the methyl groups of the TEMAV precursor can be seen. [143143, 144144]
The Bohlmann band at 2786 cm−1 indicates that the NMeEt ligands of
TEMAV are still intact on the surface after the TEMAV exposure.[145145, 146146]
The sharp peak at 2328 cm−1 is challenging to assign unambiguously and
can probably be linked to either N≡C or N C O groups on the surface.
The appearance of either of these groups indicate a decomposition or com-
bustion of the TEMAV molecule in combination with the ligand exchange
reactions, as described by Levrau et al for the TDMAT and O

2
plasma

process for TiO
2
.[146146] The OH bending absorption observed at 1685 cm−1

suggests freestanding water on the surface. This can be explained through
a hydrogen abstraction mechanism during the GL pulse, which was also
reported for the TDMAT/H

2
O process.[146146] The band between 1350 to

1450 cm−1 is tentatively assigned to COH bending vibrations, as it appears
after GL exposure and disappears again following TEMAV.[1111] The finger-
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print section of the spectrum holds much information although the sepa-
rate peaks of the different modes are harder to distinguish. Firstly, a small
peak is visible during GL exposure at 1135 cm−1 and is attributed to added
C C groups. This peak has no negative counterpart during TEMAV puls-
ing meaning these groups are permanently built into the film. The C O
absorption at 1084 cm−1 does, however, have a negative, albeit smaller,
counterpart, suggesting that TEMAV is capable of breaking open some of
these chains added by GL. This has been observed before for the trimethy-
laluminium/EG process.[1111] In between the C O and C C peaks, a sharp
absorption arises at 1112 cm−1. We hypothesize that this peak is related to
N C groups since the absorption is positive after TEMAV exposure.[142142,
146146] The V5+ O and V4+ O vibration modes at respectively 1040 cm−1

and 998 cm−1 reveal an interesting phenomenon. After TEMAV, a clear
peak appears at the V4+ mode, which is understandable since the oxida-
tion state of vanadium in TEMAV effectively is 4+. After GL, however,
a small negative peak at V4+ and an equally small positive peak at V5+

is seen. This implies that GL is able to partially oxidize vanadium, giving
rise to the two oxidation states of vanadium that appear in the vanadicone
film spectrum in figure 6.46.4.

Characterization of the as deposited and heat-treated films

The morphology, composition, crystallinity and other properties of as de-
posited and heat-treated vanadicone films were investigated. The as de-
posited samples were grown by executing 250 cycles of the TEMAV/GL
process at 120 ◦C on a silicon substrate with a native oxide. This resulted
in films with a thickness of 21 nm. The applied heat treatments consisted
of annealing to 500 ◦C at a rate of 10 ◦C min−1 in either an oxidizing (air)
of inert (He) atmosphere. The samples remained at this temperature for
10 min after which the heating was turned off. In the literature, these treat-
ments are known to induce porosity, increase conductivity, and activate
metalcones electrochemically.[1717, 3434, 3535, 6060, 6868, 8585, 138138] A water etching
treatment was also attempted, but this resulted in film delamination and
was thus not investigated further. The results gathered from film charac-
terization are summarized in table 6.16.1.

Initial characterization of the as deposited films consisted of construct-
ing an optical model which could be applied for the in situ SE measure-
ments described in the previous section. A valid working model consisted



paper iii - mld of vanadicone 113

Thickness (nm) Density Crystallinity Roughness Composition (at%)
[decrease] (g cm−3) (nm) C V O N

As dep. 20.8 [ - ] 2.6 Amorphous 0.12 20 23 57 0

He 10.1 [ 51% ] 3.2 Amorphous 0.31 14 22 63 1

Air 7.9 [ 62% ] 3.6 Cryst. V
2
O

5
0.36 0 27 72 1

Table 6.1: Summary of the characterization results of the as deposited, He an-
nealed and air annealed vanadicone films.

of two Tauc-Lorentz oscillators. The refractive index of the vanadicone
films derived from this model was 1.61 at a wavelength of 600 nm. This
value is much lower than 2.3 for V

2
O

5
at this wavelength and is a result

of the hybrid organic-inorganic nature of the films. The optical model was
calibrated through a series of film thickness measurements acquired by ex
situ XRR. An XRR measurement of a vanadicone film deposited with 250

TEMAV/GL cycles is shown in figure 6.66.6. Simulation of the XRR pattern
produced a good fit with the measurement and revealed a film density
of 2.6 g cm−3. This density is also much lower than what is expected for
bulk VO

2
(4.3 g cm−3) and V

2
O

5
(3.4 g cm−3). In the course of a month,

several as deposited films were left exposed to ambient atmosphere and
were regularly remeasured with XRR. No significant changes in thickness
or density were observed in this time period, suggesting that the films are
stable in air.

The crystallinity of the films was monitored with in situ XRD during an-
nealing of the films in He and air. Before and after the treatment, diffrac-
tion patterns were measured between θ = 15° and θ = 45° (figure 6.76.7).
The as deposited starting film was amorphous due to its hybrid nature,
as was expected. During annealing in He, the film remained amorphous
throughout the whole treatment. However, the calcination in air resulted
in crystalline V

2
O

5
films of the orthorhombic Shcherbianite phase (JCPDS

Card No. 41-1426).[131131, 133133] The onset temperature for crystallization de-
termined from in situ XRD was 320 ◦C. A densification of the films was
observed for both heat treated films, more so for the air annealed ones,
resulting in a lower film thickness and higher density (table 6.16.1).

The surface morphology of the films was verified with AFM and SEM
imaging techniques. From SEM it appeared that all films are smooth and
continuous. No clear features were present on the film surface. AFM con-
firmed that the surface of the films was very smooth (figure 6.66.6). Indeed,
a low rms roughness was found for both the as deposited and annealed
films (table 6.16.1). There was a slight increase in roughness due to the heat
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Figure 6.7: XRD measurements of the as deposited, He annealed, and air annealed
vanadicone samples. The peak positions for crystalline V
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(Shcherbianite) are

indicated as blue bars (JCPDS Card No. 41-1426).

treatments, but the overall value remained small. Ellipsometric porosime-
try was performed on all samples since heat treatments are known to
induce porosity in MLD films.[3434] However, no porosity was detected in
any of the samples.

The composition of the films was determined with XPS. Carbon con-
tamination of the surface was first removed with two argon sputtering
steps. This ensured that the measured carbon content originated from the
film itself, and not from surface contamination. The result of the composi-
tional analysis can be found in table 6.16.1. The as deposited film contained
about 20 at% carbon. After annealing in inert atmosphere still 14 at% of
this carbon remained inside the film. This carbon content most likely pre-
vented crystallization and was responsible for the lower density of the He
annealed films, when compared to the air annealed samples. Calcining in
air effectively removed all carbon from the film. The final composition of
this film was identical to V

2
O

5
. In none of the films, any significant nitro-

gen contamination was detected. This indicated that the amine groups of
the TEMAV precursor are completely removed during the MLD process,
and are not built into the film.
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The oxidation state of vanadium can be determined by evaluating the
binding energy gap between the oxygen 1s line, and the vanadium 2p1/2
and 2p3/2 lines.[147147] The XPS spectra of the vanadicone samples are shown
in figure 6.86.8. Here, the surface spectra were analyzed since argon bom-
bardment may shift the relevant peak positions. In this figure, the peak
positions for V5+, V4+, and V3+ oxidation states in pure vanadium oxides
are indicated for reference. The exact peak positions of the as deposited
and He annealed films should not be compared directly with the refer-
ence lines, as the carbon in the films will induce a chemical shift of the O
1s and V 2p lines. However, it is clear that the heat treatments caused a
shift towards higher binding energies; hence, a higher oxidation state. The
broader peak of the as deposited film suggests a mixed vanadium oxida-
tion state in the film, as was already indicated by infrared spectroscopy in
the previous section (figure 6.46.4).

Electrochemical measurements

As deposited and heat treated vanadicone samples were tested as elec-
trodes for lithium-ion batteries in a three-electrode setup. For this pur-
pose, 250 cycles of TEMAV/GL were deposited on platinum current collec-
tor substrates. For reference, V

2
O

5
samples were deposited by performing

150 cycles of TEMAV/H
2
O ALD on the same substrate, and were then sub-

jected to the same annealing treatment in air as the vanadicone samples
(to 500 ◦C at 10 ◦C min−1, 10 min dwell time).[131131, 132132] In order to make
comparison more straightforward, the electrochemical measurements on
the reference samples were normalized to the same amount of vanadium
atoms as was in the vanadicones, as determined by X-ray fluorescence
measurements.

The vanadicone and reference samples were studied in two potential re-
gions: 2.9 to 3.5, and 1.0 to 3.5 V vs. Li+/Li. Vanadium pentoxide is known
to exhibit reversible and irreversible structural changes during lithium
insertion in these respective voltage regions. In the narrow 2.9 to 3.5 V
vs. Li+/Li range, a maximum of one lithium per V

2
O

5
is inserted into

the lattice, and the α-, ϵ-, and δ-LiV
2
O

5
phases are consecutively formed

during lithiation.[148148–150150] The V
2
O

5
lattice is strained reversibly during

lithium insertion in this region; hence, good kinetics and cyclability are ex-
pected.[4141, 129129] In the broader 1.0 to 3.5 V vs. Li+/Li potential region, up
to 3 lithium atoms can be inserted per V

2
O

5
unit during initial lithiation,

irreversibly altering the original V
2
O

5
lattice and forming the ω-LixV

2
O

5
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Figure 6.9: Cyclic voltammetry measurements of the He and air annealed vanadi-
cones, and the V

2
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5
reference in the 2.9 to 3.5 and 1.0 to 3.5 V versus Li+/Li

potential ranges. The “before cycling” measurements show the fifth CV scan. The
scan rate was 10 mV s−1.
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Figure 6.10: Rate capability measurements at increasing current densities for the
cycled He and air annealed vanadicones, and the V
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reference in the 2.9 to 3.5

(empty markers) and 1.0 to 3.5 V (filled markers) versus Li+/Li potential ranges,
after 100 charge/discharge cycles in the respective ranges.

phase.[150150] After repeated cycling only 2.25 Li atoms per V
2
O

5
can be

reversibly recovered with 0.40 ≤ x ≤ 2.65. Poor cyclability and slower
kinetics have been observed in this region.[129129, 134134–136136]

Cyclic voltammograms of the vanadicone and reference V
2
O

5
films,

scanned in the 2.9 to 3.5, and 1.0 to 3.5 V vs. Li+/Li potential ranges,
are shown in figure 6.96.9. The as deposited films showed no electrochemi-
cal activity towards lithium insertion in any of the potential ranges and
therefore were not included in the figure. Both of the heat treated vana-
dicone films did exhibit charging and discharging behaviour, indicating
that the annealing treatment activated the films electrochemically.[1717] It
can immediately be noted that the shape of the voltammograms for the
air annealed vanadicone and the V

2
O

5
reference was very similar in both

potential ranges. This can be related to their identical crystal structures.
For both films, two reduction and oxidation (Li+ insertion and extraction)
pairs appeared in the 2.9 to 3.5 V vs. Li+/Li range, corresponding with the
α − ϵ and ϵ − δ phase transitions. For air annealed vanadicone, the aver-
age peak positions of the transitions were at 3.41 V and 3.20 V vs. Li+/Li
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4C. The evolution of the delithiation capacity and coulombic efficiency are shown
as a function of cycle number.

respectively. For the reference V
2
O

5
samples, they were located at 3.33 V

and 3.16 V vs. Li+/Li respectively. In the 1.0 to 3.5 V vs. Li+/Li range, the
Li+ insertion and extraction features were much less sharply defined in
the CV scans. In the CV scans measured before cyclability testing, one re-
dox peak pair was visible at 2.39 V vs. Li+/Li for air annealed vanadicone,
and at 2.64 V vs. Li+/Li for the reference V

2
O

5
. The He annealed vanadi-

cones, initially, displayed almost no charging and discharging activity in
the 2.9 to 3.5 V vs. Li+/Li range (figure 6.96.9a). After 100 charge/discharge
cycles in the 1.0 to 3.5 V vs. Li+/Li range, however, this region was acti-
vated. Capacitative behaviour was observed with no clear lithiation and
delithiation peaks. In the 1.0 to 3.5 V vs. Li+/Li area, the He annealed
films were active from the start with broad charge and discharge peaks
centered around 2.09 V vs. Li+/Li.

The effective capacity at different charge and discharge rates was veri-
fied through a series of rate capability tests. During these tests, the charge
and discharge current was increased after every complete cycle. The result-
ing delithiation capacity is plotted as a function of the charge/discharge
rate (C-rate) in figure 6.106.10. A rate of 1C indicates that the cell was dis-
charged in one hour time. At 2C, a twice as large current was applied and
the total discharging time was halved to 30 min, and so on. In figure 6.106.10,
the rate capability of the annealed vanadicones are compared with the
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reference V
2
O

5
films, in both 2.9 to 3.5 and 1.0 to 3.5 V vs. Li+/Li poten-

tial ranges. Before measurement, 100 charge/discharge cycles at 4C were
performed in order to bypass effects of the initial stabilization. These 100

cycles also functioned as a cyclability test of the materials (figure 6.116.11) and
will be discussed in the next paragraph. Between 2.9 and 3.5 V vs. Li+/Li,
the reference V

2
O

5
films displayed the best kinetics. This was most likely

due to the nature of the lithiation and delithiation reactions in this poten-
tial range where the lattice was only deformed by lithium intercalation.
This story was drastically different for the broader 1.0 to 3.5 V versus
Li+/Li range. The phase changes induced in V

2
O

5
at lower potentials ver-

sus Li+/Li decreased the kinetics of the air annealed and reference sam-
ples. This is clear from the increased slope when comparing the narrow
and broad potential ranges. The He annealed films displayed a far better
capacity retention at high C rates compared to the reference V

2
O

5
films.

At 100C, approximately 87% of the capacity at 1C was attained. Increased
conductivity of the films due to their carbon content and higher diffusion
rates for amorphous compounds may provide an explanation for this ob-
servation.[6060, 8585, 151151, 152152]

Capacity retention during repeated charging and discharging was tested
over 100 cycles for the vanadicone and reference samples. Figure 6.116.11

shows that for the air annealed vanadicones and the V
2
O

5
references, the

initial evolution of the capacity was similar in both potential ranges. In
the narrow 2.9 to 3.5 V versus Li+/Li, the cyclability for both was excel-
lent with a coulombic efficiency of 99.9%. The cyclic voltammograms were
identical after performing 100 cycles. In the broad potential range, the ca-
pacity decreased gradually with increasing cycle number. At cycle 40, the
reference material started exhibiting erratic behaviour during charging.
This resulted in a coulombic efficiency of only 50% and a significant de-
crease in delithiation capacity after 100 cycles. This type of behaviour was
observed for five different reference samples. The exact cycle number at
which the erratic behaviour starts varied between 18 and 74. The decrease
in delithiation capacity was, however, always approximately the same. In
figure 6.116.11, a typical sample is shown. For the air annealed vanadicone
samples the capacity after 100 cycles had decreased with 28%. After the
100 charge/discharge cycles, the CV measurements of both the air an-
nealed vanadicone and the reference V

2
O

5
films had changed, as seen in

figure 6.96.9. The average peak position increased from 2.39 V to 2.53 V vs.
Li+/Li for the air annealed films (figure 6.96.9d). The loss in delithiation ca-
pacity appeared to be situated in the 1.0 to 2.5 V vs. Li+/Li range. For the
reference films, the peak position moved in the opposite direction and had
decreased to 2.47 V from 2.64 V vs. Li+/Li (figure 6.96.9f). Here, most of the
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capacity was lost in the higher potential region of 2.2 to 3.5 V vs. Li+/Li.
The cyclability for the He annealed films was excellent in the 1.0 to 3.5 V
versus Li+/Li. Over the course of 100 cycles, the capacity had increased
with 40%. This was due to an activation of the material in the 2.5 to 3.5 V
vs. Li+/Li area, as is clear from the CV scans in figure 6.96.9b. The coulom-
bic efficiency of the material remained stable at 99.2% after the initial 20

cycles. After this activation, the He annealed films also showed charging
and discharging behaviour in the 2.9 to 3.5 V vs. Li+/Li range (figure 6.96.9a)
, albeit with a relatively low capacity when compared to the air annealed
and reference films.

The gravimetric capacities of the different vanadicones were calculated
in order to be able to compare with reported values in the literature. In
the narrow 2.9 to 3.5 V vs. Li+/Li range, the capacity of the helium and
air annealed vanadicones were respectively 47 mA h g−1 and 110 mA h g−1.
Although the capacity of the helium annealed sample is low, the value for
the air annealed vanadicones is in line with other V

2
O

5
ALD cathodes in

the literature.[130130, 137137] In the broad 1.0 to 3.5 V vs. Li+/Li potential range,
the measured capacity of the helium and air annealed vanadicones, after
cyclability testing, were respectively 387 mA h g−1 and 334 mA h g−1. The
capacity of the air annealed vanadicones is lower than the expected value
of 440 mA h g−1 from comparable ALD V

2
O

5
films in the literature. The

capacity of the helium annealed films is in the same range as amorphous
V

2
O

5
films. The rate capability and capacity retention during cyclability

testing of the helium annealed vanadicones, however, appears to be supe-
rior to the data presented in the literature.[127127, 129129]

conclusions

Two MLD processes for a novel, hybrid, vanadium-based material called
“vanadicone” have been investigated in this work. The TEMAV precursor
was combined with ethylene glycol (EG) or glycerol (GL) as the organic
reactant. Sustained growth was only achieved with GL due to double sur-
face reactions of EG. The TEMAV/GL process displayed good linearity
and self-limiting reactions in a broad temperature window ranging from
80 to 180 ◦C. The growth per cycle decreased with increasing temperature
from 1.2 Å at 80 ◦C to 0.5 Å at 180 ◦C. The hybrid nature of the as deposited
films was revealed in both FTIR and XPS measurements, where the films
contained about 21% carbon. The films were smooth with a low surface
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roughness. From XRR and ellipsometry, the density and refractive index
were estimated at respectively 2.6 g cm−3 and 1.61 (at λ = 600 nm).

The films were annealed to 500 ◦C in both inert (He) and oxidizing (air)
atmospheres. The films annealed in He retained most of their carbon con-
tent and remained amorphous. For the air annealed films on the other
hand, the films were carbon-free and had crystallized to V

2
O

5
. The heat

treatment activated the vanadicone films electrochemically. Cyclic voltam-
metry, charge/discharge rate capability, and cyclability was investigated
for all films and compared with V

2
O

5
films, deposited by ALD, for refer-

ence. The He annealed vanadicone films displayed improved capacity and
performance over the reference films in the 1.0 to 3.5 V vs. Li+/Li range. A
rate performance with a capacity retention of 85% at 100C was achieved.
The cyclability of the films was excellent: the coulombic efficiency was
99.2% and the capacity increased with every charge/discharge cycle over
the course of the first 100 cycles.

The enhanced performance of the He annealed films can be related to
its amorphous nature and carbon content. Similar observations have been
made with solgel and ALCVD V

2
O

5
films.[127127, 153153] In this work, MLD

has the advantage of adding carbon in a controlled fashion with excellent
thickness control. The gas-phase nature of the process ensures conformal
deposition on complex 3D structures, which enables the possible applica-
tion of these electrodes in 3D thin-film lithium-ion batteries.
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abstract

Molecular layer deposition (MLD) of hybrid organic-inorganic thin films
called "tincones" is achieved using tetrakisdimethylaminotin (TDMASn)
as the metal precursor, and glycerol (GL) as the organic reactant. The GL-
based process displays linear growth and self-limiting surface reactions
in a broad temperature window ranging from 75 ◦C to 200 ◦C. At higher
temperatures no film growth is possible. The GPC decreases rapidly with
increasing temperature from 1.3 Å at 75 ◦C to less than 0.1 Å at 200 ◦C.
The films are observed to be smooth with scanning electron microscopy
(SEM) and atomic force microscopy (AFM). The hybrid organic-inorganic
nature of the films is visible in both infrared spectroscopy (FTIR) and
X-ray photoelectron spectroscopy (XPS). As deposited tincone films are
annealed in reducing (H

2
), inert (He) or oxidizing (O

2
) atmospheres. In

situ X-ray diffraction (XRD) is employed to study the crystallization of the
films during annealing. Tincone films annealed in reducing or inert atmo-
sphere crystallize into a tetragonal SnO phase at 388 ◦C and 410 ◦C respec-
tively. These temperatures are lower than the crystallization temperature
of 480 ◦C for ALD tin oxide films annealed in H

2
. Tincone films annealed

in oxygen crystallize into a SnO
2

phase at a temperature of 523 ◦C which
is similar to the crystallization temperature for ALD tin oxide films an-
nealed in He or O

2
. This reduced temperature for crystallization into SnO

for the tincone films is interesting since SnO is one of the few metal oxides
known as a p-type semiconductor material.

introduction

The current trend towards miniaturization of electronic devices and com-
ponents is a driving force for research into the deposition and properties
of thin films. One thin-film deposition technique that has gained a signif-
icant amount of traction in recent years is atomic layer deposition (ALD).
The ALD technique allows the controlled deposition of nanoscale films
of a wide variety of materials (including metals, metal oxides, sulfides,
etc.) through sequential exposure of the substrate to a precursor and re-
actant.[22] The self-limiting nature of the gas-surface reactions allow for
sub-nanometer thickness control and great conformality on 3D structures.

Molecular layer deposition (MLD) is a thin-film deposition technique
closely related to ALD. It is employed for the deposition of purely organic
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or hybrid organic-inorganic films. The latter is accomplished by combin-
ing metal-organic precursors, that are usually well-known from ALD re-
search, with organic reactants such as ethylene glycol (EG) and glycerol
(GL). The hybrid films that are deposited by this technique are commonly
referred to as “metalcones”. An extensive catalog of hybrid materials has
already been established in the literature: alucone, titanicone, zincone, zir-
cone, hafnicone, vanadicone, and more.[1111, 1414–2222] To the extent of our
knowledge, no MLD process for a tin-based metalcone has been reported
yet. Metalcones have been shown to possess several interesting properties
in the literature. The organic chains present in the hybrid films add flexibil-
ity to the films, which is interesting for applications in flexible electronics
and thin-film electrodes.[3232, 6363] Post-deposition treatments are known to
transform the metalcone films. Calcination in air and water etching are
able to induce porosity in alucone films.[1515, 3434, 3535] Annealing of metal-
cone films in inert atmosphere leads to a metal oxide/carbon composite
film with improved conductivity.[1717, 1818, 6060, 8585]

Tin oxides have a wide variety of technological applications. As a semi-
conductor with a large band-gap, tin dioxide (SnO

2
) is a promising mate-

rial for solid state gas sensors.[154154–156156] In optical applications, tin oxides
are utilized as a transparent conducting oxide in organic light-emitting
diodes (OLED)[157157, 158158] and solar cells[159159, 160160], and as surface coatings
for functional glasses, due to their reflectance in the infrared.[161161] Tin
dioxide is also an interesting, high-capacity, anodic material for lithium-
ion batteries.[162162–164164] Tin monoxide (SnO) is one of the few known p-type
semiconductor materials and is hence interesting for electronic applica-
tions such as the fabrication of p-n junctions and complementary metal
oxide semiconductor (CMOS) architectures.[165165, 166166]

Many ALD processes are known in the literature for the deposition of
tin oxide films. SnCl

4
, SnI

4
and tetrakisdimethylaminotin (TDMASn) are

a few common examples of the Sn metal precursors that are employed in
these processes in combination with water, H

2
O

2
, O

3
or oxygen plasma as

the reactant. A nice and thorough overview of ALD processes that result in
SnO

2
has been written down by Nazorov et al.[167167] In the ALD literature,

a few reports exist on the deposition of SnO. A metal precursor where tin
is in a 2+ oxidation state is employed in both reports: bis(1-dimethylamino-
2-methyl-2propoxy)tin and bis[bis(trimethylsilyl)amino]tin. As a reactant,
water or ozone is used. [166166, 168168]

In this work, two MLD processes for a novel metalcone material tincone
were investigated. Both processes employ TDMASn as the tin precursor
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and ethylene glycol or glycerol as the organic reactant. The growth of the
tincone films was monitored in situ during the process. The properties of
the grown tincone films were characterized with various ex situ methods.
A series of as deposited films was subjected to an annealing treatment in
reducing (H

2
), inert (He) or oxidizing (O

2
) atmosphere. The crystallinity

of the films was studied during annealing with in situ X-ray diffraction.

experimental

For the deposition of the tincone films, a custom-built, pump-type de-
position tool was utilized.[1717] The reactor walls were kept at a constant
temperature of 130 ◦C to avoid reactant condensation. The container con-
taining the TDMASn precursor and its delivery line remained at a temper-
ature of 45 ◦C and 50 ◦C respectively. Argon (99.999% pure, Air Liquide)
was added as a carrier gas to the TDMASn precursor flow in order to
increase the exposure of substrate to the precursor. The pressure during
TDMASn exposures was 5 × 10−3 mbar. The reactant bubblers of EG and
GL remained at a temperature of respectively 80 ◦C and 60 ◦C. Similarly
as for TDMASn, an additional argon flow was employed during GL ex-
posures. The pressure of EG during the MLD processes was constant at
2 × 10−2 mbar. For GL the pressure was 5 × 10−3 mbar, including the ar-
gon carrier gas flow. In between exposures or in idle operation, the base
pressure of the reactor vessel was in the 10−6 mbar range. Si with native
oxide substrates were used for process development, film characterization,
and the annealing experiments.

Spectroscopic ellipsometry (SE) was performed with a model M-2000

ellipsometer J.A. Woollam (300 to 1000 nm). SE measurements provide
information on the thickness and optical properties of the hybrid films.
The included CompleteEASE allowed the analysis of the gathered data.
An optical model consisting of a Cauchy dispersion relation was sufficient
to accurately describe the SE data. The parameters of the optical model
were calibrated with a series of tincone samples with a known thickness
from X-ray reflectivity measurements (XRR). The ellipsometer could be
mounted on the deposition system. Hence, the growth of the tincone films
could be monitored in situ by SE.

The morphology of the tincone films was investigated with scanning
electron microscopy (SEM) and atomic force microscopy (AFM). SEM imag-
ing was performed on a Quanta 200F (FEI) microscope using a 10 keV
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electron beam. AFM images were acquired on a Bruker Dimension Edge
microscope. The root mean square (rms) roughness was calculated from
the measured 1 µm x 1 µm AFM images.

Infrared spectroscopy was carried out on a Vertex 70v Fourier-transform
infrared (FTIR) spectrometer from Bruker. A globar source, DLaTGS detec-
tor and KBr beamsplitter were mounted on the optics bench. The spectro-
meter remained under vacuum during measurements to avoid the appear-
ance of atmospheric absorptions (mainly CO

2
and H

2
O) in the absorption

spectra. X-ray photoelectron spectroscopy (XPS) measurements were ex-
ecuted on a Thermo Scientific Theta Probe system. Aluminium Kα radi-
ation (λ = 0.834 nm) was used as an excitation source. Analysis of the
gathered data was performed in the CasaXPS software.

XRR and X-ray diffraction (XRD) measurements were completed on a
Bruker D8 Discover diffractometer. For both XRR and XRD, copper Kα
(λ = 0.154 nm) radiation was utilized. During annealing under reducing
(He with 5% H

2
), inert (He) or oxidizing (He with 5% O

2
) atmospheres,

in situ XRD was carried out on a homebuilt setup fitted with a position-
sensitive detector with a range of 20° in 2θ.[139139]

results and discussion

In the first section, the process development and characterization is dis-
cussed. Secondly, the results of the annealing experiments of tincone films
in reducing, inert and oxidizing atmospheres are presented.

The tincone MLD process

Process development

In order to develop a MLD process for a tin-based, hybrid film, a suitable
inorganic precursor and organic reactant need to be selected. As the in-
organic precursor, tetrakisdimethylaminotin (TDMASn) is chosen since it
is known as an ALD precursor for the deposition of SnO

2
.[167167, 169169, 170170]

As the organic reactant, ethylene glycol (EG) and glycerol (GL) are tested
as they have both been implemented successfully in multiple MLD pro-
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Figure 7.1: Comparison of the first 200 MLD cycles of the TDMASn/GL and TD-
MASn/EG processes at a sample temperature of 100 ◦C.

cesses.[1111, 1414–1818] By default, the exposure time for TDMASn is 20 s. For
EG and GL, the standard pulse times are 30 s and 60 s respectively.

In situ ellipsometry enables the monitoring of the film growth during
the TDMASn/EG and TDMASn/GL MLD processes. After every MLD
cycle, the film thickness is measured. The results are presented in figure
7.17.1. There is a clear difference in the growth curves for both processes.
For the TDMASn/GL process, the growth per cycle (GPC) appears to be
stable and the film growth is linear over 200 cycles. The GPC is 0.8 Å
at a sample temperature of 100 ◦C. On the other hand, the GPC of the
TDMASn/EG process decreases dramatically over the first 50 cycles after
which it becomes stable. At a sample temperature of 100 ◦C, the GPC for
the TDMASn/EG process is 0.1 Å after an initial 50 cycles. The decrease
in GPC and slower film growth for an EG-based process in combination
with an alkylamine metal precursor has been observed before.[1717, 1818] The
hypothesis is that both OH end groups of the EG molecules are able to
react with surface groups. These double reactions remove active surface
sites without adding new groups for the TDMASn molecules to react with.
This phenomenon effectively decreases the growth rate of the hybrid film.
Previous investigations on alucone films have shown that the inherent
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Figure 7.2: Growth per cycle as a function of precursor and reactant exposure time
for the TDMASn/GL MLD process at a sample temperature of 100 ◦C and 150 ◦C.
Saturation is achieved at exposure times of 20 and 60 seconds for TDMASn and
GL respectively.
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Figure 7.3: Growth rate versus sample temperature for the TDMASn/GL process.
No growth was observed for temperatures above 200 ◦C.

flexibility of the organic chains allows these double reactions to proceed,
and that these reactions are detrimental for the formation of a smooth and
closed film. For the TDMASn/GL process, these possible double reactions
do not pose a problem for continued film growth since GL possesses an
additional hydroxyl group compared to EG. Due to its low growth rate,
the TDMASn/EG process was not investigated further in this work.

Saturation curves of the GPC were measured to demonstrate the self-
limiting nature of the TDMASn/GL process. The saturation curves were
measured at sample temperatures of 100 ◦C (figure 7.27.2) and 150 ◦C. At
both temperatures, the GPC saturates at TDMASn and GL exposure times
of respectively 20 s and 60 s.

The temperature window for linear film growth with the TDMASn/GL
process ranges from 75 to 200 ◦C. The GPC decreases rapidly with in-
creasing temperature and drops to zero at temperatures above 200 ◦C. The
lower temperature of the temperature window is limited by the temper-
ature of the hot-wall reactor. At the higher end, the sample temperature
is not limited due to the high decomposition temperature of TDMASn of
325 ◦C.[167167] An increased TDMASn desorption rate and decreased num-
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Figure 7.4: X-ray reflectivity measurement of a tincone film, deposited with 300

TDMASn/GL MLD cycles and the simulated data fit for determining the film
thickness and density. The inset shows an 1 µm by 1 µm AFM image of the same
film, illustrating its low rms surface roughness of 0.18 nm.

ber of hydroxyl surface groups at higher temperatures may explain the
decrease in GPC.[169169, 170170]

Characterization of as deposited films

The composition, morphology, and other properties of as deposited tin-
cone films were studied ex situ. The tincone films are grown with 300 cy-
cles of the TDMASn/GL process at a substrate temperature of 100 ◦C on a
silicon substrate with native oxide. All tincone samples used for character-
ization or annealing experiments were freshly deposited in order to avoid
any effect of aging in atmospheric conditions. Although, in the course of
a week, no changes in density or composition of the films was observed
during aging.

As deposited, the thickness of the films is 28.3 nm and the density is
2.5 g cm−3. These values were derived from a simulation of the XRR pat-
tern that is in good agreement with the measurement data (figure 7.47.4). The
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Figure 7.5: Infrared spectrum of a 28 nm tincone film, deposited with 300 cycles of
the TDMASn/GL MLD process.

surface morphology of the film was verified with AFM. A measurement
of an as deposited film is presented in the inset of figure 7.47.4 and shows
that the films have a low surface roughness. SEM confirms this statement
on the nanoscopic level as shown in figure 7.87.8.

A working optical model for analyzing the in situ ellipsometry data was
constructed for the hybrid tincone films. A model consisting of a simple
Cauchy dispersion relation of the type n(λ) = A + B/λ2 + C/λ4 was suf-
ficient for acquiring a good fit for the SE data. A series of tincone film
thickness measurements by XRR were employed to calibrate the parame-
ters of the optical model. This calibration procedure yielded the following
parameter values: A = 1.408, B = 1.725 × 104 nm2 and C = −4.29 × 108 nm4.
At a wavelength of 600 nm, the calculated refractive index is 1.45 in this
model.

Fourier transform infrared spectroscopy (FTIR) was performed on as
deposited tincone films in order to investigate the chemical composition
of the films. The films were measured ex situ. The result of the measure-
ment is shown in figure 7.57.5. Two absorption peaks are visible at 2945 cm−1

and 2875 cm−1. These peaks are related to the asymmetrical and symmet-
rical CH

2
stretch modes respectively. The “fingerprint” region of the spec-

trum reveals the CH
2

twisting, and C-C and C-O stretching modes at
wavenumbers of 1252 cm−1, 1140 cm−1 and 1075 cm−1 respectively.[1111] At
lower wavenumbers several tin-related modes appear in the spectrum. The
peaks at 960 cm−1 and 745 cm−1 originate from Sn-O stretching vibrations.
The absorption at 870 cm−1 has been previously assigned to vibrations of
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Sn-OH bonds.[171171–173173] The presence of both inorganic and organic com-
ponents in the spectrum are indicative of the hybrid nature of the film.

X-ray photoelectron spectroscopy (XPS) was also employed to verify the
composition of the films, and the oxidation state of Sn inside the films. For
determining the atomic composition of the films, first carbon contamina-
tion of the surface was removed with two argon sputtering steps. This
ensures that the measured carbon signal originates from inside the hybrid
film, and not from a contaminated surface. The result of the composition
analysis can be seen in table 7.27.2. The as deposited film contains about
15 at% of carbon. Nitrogen contamination from the TDMASn precursor
is not observed. The oxidation state of tin inside the hybrid film is deter-
mined from the surface XPS spectra, which are calibrated by the carbon
1s line at 284.4 eV. In figure 7.97.9, the 3d3/2 and 3d5/2 lines of the spectra
can be seen. For the as deposited film, the 3d3/2 and 3d5/2 lines are cen-
tered around 494.6 eV and 486.0 eV respectively, which is indicative of the
Sn2+ oxidation state. This is unexpected since the oxidation state of tin in
the TDMASn precursor is 4+. Our working hypothesis is that glycerol is
capable of reducing tin during the deposition process. A few papers exist
in the literature on the use of glycerol as a reducing agent.[174174–176176] This
has, however, never been shown in the context of ALD or MLD research.

Annealing in reducing, inert and oxidizing atmospheres

A series of tincone and SnO
2

(deposited by ALD) films were annealed
in reducing (He with 5% H

2
), inert (He) and oxidizing (atmospheres He

with 5% O
2
) at temperatures up to 700 ◦C. The films were heated at a

ramp rate of 10 ◦C min−1. After reaching the highest temperature of the
treatment, the temperature was kept constant for 10 min before turning
off the heating.

The hybrid tincone films were deposited by executing 300 cycles of the
TDMASn/GL MLD process at 100 ◦C on a silicon substrate with native
oxide. The thickness of the films was 28 nm as deposited. The purely inor-
ganic SnO

2
films were deposited by the TDMASn/H

2
O ALD process.[170170]

The substrate temperature during deposition was also 100 ◦C and 500 cy-
cles in total were executed. After deposition, the film thickness was mea-
sured to be 45 nm with XRR. The same substrate was used as for the
tincone films.



136 paper iv - mld of tincone

6004002000
Temperature (°C)

SnO2

40

35

30

25

2 
Th

et
a 

(°
)

6004002000
Temperature (°C)

SnO

6004002000
Temperature (°C)

SnOHeH2 O2

Figure 7.6: In situ XRD measurements during annealing of tincone films, deposited
with 300 MLD cycles, in reducing (H

2
), inert (He), and oxidizing (O

2
) atmospheres.

The films were heated at a rate of 10 ◦C min−1 to 700 ◦C, 500 ◦C, and 700 ◦C in each
atmosphere respectively.

During the annealing treatments, the crystallinity of the films was mon-
itored via in situ X-ray diffraction (XRD). A detection range in 2θ from
23°to 42°was chosen since the most prominent SnO and SnO

2
reflections

are expected to appear in this range. After the treatment, the morphology
of the films was verified with SEM, and the composition and tin oxidation
state with XPS.

An overview of the in situ XRD measurements during the annealing of
the tincone films is presented in figure 7.67.6 and the results are summarized
in table 7.17.1. During annealing in H

2
and He, a single, strong diffraction

peak appears at 36.7°. This peak is assigned to the (0 0 2) lattice plane
of the tetragonal SnO phase (Romarchite, ICSD card no. 015516). For the
anneal in reducing atmosphere, the onset of crystallization is observed at
a temperature of 388 ◦C. At a temperature of 600 ◦C, the phase disappears
again. This is probably due to a further reduction of SnO into metallic
Sn, which then evaporates from the surface. In inert atmosphere, crystal-
lization starts at 410 ◦C. An anneal in oxidizing atmosphere results in the
appearance of a tetragonal SnO

2
phase. Two main diffraction peaks are

observed at 26.5° and 37.9°. These peaks correspond to the (1 1 0) and (2 0

0) orientations respectively (ICSD card no. 084576). This phase is formed
at temperatures above 523 ◦C.

The heat treatments listed above were repeated on ALD SnO
2

films. The
results of in situ XRD during annealing are shown in figure 7.77.7 and table
7.17.1. In reducing atmosphere, the as deposited amorphous SnO

2
film is

reduced and crystallizes into a tetragonal SnO phase (Romarchite, ICSD
card no. 015516). Three reflections are observed at 29.5°, 32.7°, and 36.7°
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Figure 7.7: In situ XRD measurements during annealing of reference SnO
2

films
of 45 nm, deposited by the TDMASn/H

2
O, in reducing (H

2
), inert (He), and oxi-

dizing (O
2
) atmospheres. The films were heated at a rate of 10 ◦C min−1 to 500 ◦C,

700 ◦C and 700 ◦C in each atmosphere respectively.

H
2

He O
2

Tincone 388 ◦C 410 ◦C 523 ◦C
SnO (tetragonal) SnO (tetragonal) SnO

2
(tetragonal)

ALD SnO
2

480 ◦C 545 ◦C 545 ◦C
SnO (tetragonal) SnO

2
(tetragonal) SnO

2
(tetragonal)

Table 7.1: Overview table of the formation temperatures (top) and phases (bottom)
during annealing of as deposited MLD tincone and ALD SnO

2
in reducing (H

2
),

inert (He), and oxidizing (O
2
) atmospheres.

that originate from the (1 0 1), (1 1 0) and (0 0 2) orientations respec-
tively. The onset of crystallization is observed at a temperature of 480 ◦C.
Annealing of the ALD SnO

2
films in He and O

2
results in the tetragonal

SnO
2

phase (ICSD card no. 084576). At temperatures above 545 ◦C, three
peaks are observed in the diffractogram. The peaks are located at 26.5°,
34.1°, and 38.0°. They are attributed to the (1 1 0), (1 0 1), and (2 0 0) lattice
planes respectively.

After annealing, the morphology of the films is investigated via SEM
imaging. Representative images of the films are shown in figure 7.87.8. The
samples annealed in hydrogen and helium display a rough surface and a
grainy structure that was formed during crystallization. Small agglomer-
ated islands are visible in the samples annealed in oxygen.

The tin oxidation state and composition of the annealed films were de-
termined with XPS. The 3d3/2 and 3d5/2 lines of the XPS spectra are pre-
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Figure 7.8: SEM images of the as deposited and annealed tincone samples. The
samples annealed in H

2
and He were quenched at 500 ◦C. The samples annealed

in O
2

were quenched at 700 ◦C.

Crystallinity Composition (at%)
C Sn O

As deposited Amorphous 15 52 33

Anneal in He to 500 ◦C SnO 5 52 43

Anneal in H
2

to 500 ◦C SnO 7 53 40

Anneal in O
2

to 700 ◦C SnO
2

1 38 61

Table 7.2: Summary of the characterization results of the as deposited and an-
nealed tincone films. The samples annealed in H

2
and He were quenched at 500 ◦C.

sented in figure 7.97.9. The position of these lines with respect to a calibrated
carbon 1s line provides information about the oxidation state of tin inside
the films. For the samples annealed in H

2
and He, the 3d3/2 and 3d5/2

lines are centered around 494.6 eV and 486.0 eV respectively. This suggests
a 2+ oxidation state of tin for these samples. The XPS spectrum of the
samples annealed in oxygen shows that the 3d3/2 and 3d5/2 lines are lo-
cated at 495.2 eV and 486.7 eV and implies a Sn4+ state. This observation
is in line with the tin oxide phases observed in in situ XRD. The compo-
sition analysis with XPS of the annealed films is presented in table 7.27.2.
The heat treatment significantly reduces the carbon content of the films.
The measured stoichiometry of the films also coincides with the observed
phases.

Comparison of the in situ XRD results of the tincone and ALD SnO
2

films show several notable differences. The first main difference is crys-
tallization behaviour of the films in inert atmosphere. The tincone films
crystallize into the SnO phase, while the ALD SnO

2
crystallize, unsurpris-

ingly, into the SnO
2
. This can be explained by considering the starting

oxidation state of tin in the as deposited films. For the tincone films tin
can be found in the Sn2+ state as opposed to the ALD films where tin is
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Figure 7.10: XRD intensity of the (2 0 0) SnO reflection as a function of temperature.
The (2 0 0) reflection corresponds to a 2θ value of 36.7 degrees.

in the Sn4+ state. Secondly, the SnO phase formation in the tincone films
shows only a single, strong reflection while the SnO phase in the ALD
films shows multiple. Hence, the tincone SnO phase is preferentially ori-
ented towards the (0 0 2) lattice plane. A final important difference is the
crystallization temperature of the SnO phase. This temperature is gener-
ally lower for the tincone samples, as is illustrated in figure 7.107.10. For films
annealed in hydrogen, the onset temperature for crystallization is approx-
imately 90 ◦C lower for the tincone films as compared to the ALD films.
The crystallization temperature for tincone annealed in He is about 70 ◦C
lower with respect to the H

2
-annealed ALD films. The SnO

2
phase crystal-

lization temperature is, however, similar for both tincone and ALD SnO
2

films.

conclusions

In this work, the growth and properties of hybrid, tin-based tincone films,
deposited by molecular layer deposition, was investigated. For the de-
position process, tetrakisdimethylaminotin (TDMASn) was employed as
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the metallorganic precursor for tin in combination with ethylene glycol
(EG) and glycerol (GL) as the organic reactants. Steady-state growth was
achieved for both processes. The growth per cycle (GPC) for the TDMAS-
n/EG process was, however, considerably lower (0.1 Å at 100 ◦C) than
for the TDMASn/GL process (0.8 Å at 100 ◦C). For this reason, only the
TDMASn/GL process was studied further in this work. The TDMAS-
n/GL process displayed linear and saturated growth in a broad tempera-
ture range. With increasing temperature, the growth per cycle decreased
rapidly from 1.3 Å at 75 ◦C to less than 0.1 Å at 200 ◦C.

The refractive index and density of the as deposited films were deter-
mined to be 1.45 at 600 nm and 2.5 g cm−3 with SE and XRR respectively.
The morphology of the films was shown to be smooth with a low surface
roughness with SEM and AFM. The hybrid nature of the as deposited
films was confirmed with both FTIR and XPS.

As deposited tincone films were annealed in reducing (H
2
), inert (He) or

oxidizing (O
2
) atmospheres. The crystallization of the films was studied in

situ with X-ray diffraction (XRD). Ex situ the annealed films were studied
with SEM and XPS. XRD and XPS revealed that both the films annealed
in reducing or inert atmospheres crystallized to a tetragonal tin monoxide
phase at 388 ◦C and 410 ◦C respectively. In comparison, the ALD tin oxide
films crystallized into SnO only in reducing atmosphere and at a higher
temperature of 480 ◦C. The tincone films annealed in oxygen crystallized
into a tetragonal SnO

2
phase at 523 ◦C. Similar crystallization behaviour

was observed for the reference ALD tin oxide films that were annealed in
inert or oxidizing atmosphere.

This work adds a new hybrid "metalcone" to the catalog of materials
that can be deposited via MLD. The results from the annealing experi-
ments may prove to be interesting for the semiconductor industry since
SnO is one of the few metal oxides known as a p-type semiconductor
material.





8
T I N C O N E A S A N E L E C T R O D E F O R L I I O N
B AT T E R I E S

introduction

Tin oxide has always been known as a promising potential anode material
for Li ion batteries. It has a high theoretical capacity of 782 mA h g−1 and
a low potential for Li ion intercalation.[162162–164164, 177177–179179]. It is also a low
cost material. The lithiation mechanism of tin oxide consists of a (partially
reversible) reduction reaction to metallic tin, and a subsequent alloying
reaction with lithium. This particular mechanism causes substantial vol-
ume changes in the material. These volume changes are catastrophic for
the cyclability and hence the reversible capacity decreases rapidly after
repeated cycling of the electrode.[162162, 179179]

In this chapter, tincone films, a tin-based hybrid organic-inorganic mate-
rial, were tested as an electrode for lithium-ion batteries. In particular, we
were interested to see if the hybrid component of the films might be able
to cope with the large volume changes and thus improve on the cyclability
of the electrode.

results

Tincone samples, as deposited and annealed in He or 5% O
2
/He atmo-

spheres, were tested as electrodes for lithium-ion batteries in a three-
electrode measurement setup. Tincone films with a thickness of 28 nm,
deposited by performing 300 cycles of the TDMASn/GL process, were de-
posited on a platinum current collector substrate. SnO

2
films, deposited by

the TDMASn/H
2
O ALD process on the same substrate, were subjected to

143
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Figure 8.1: Cyclic voltammetry measurement of an as deposited tincone film, de-
posited with the TDMASn/GL MLD process, with a thickness of 28 nm. The po-
tential was swept in the range of 0.1 to 3.0 V versus Li+/Li. The fifth cycle is
shown.

the same annealing treatment in 5% O
2
/He as the tincone samples (ramp

at 10 ◦C min−1 to 500 ◦C, 10 min dwell time). These samples served as a
reference to compare the results of the electrochemical measurements of
the tincone films with. In order to make the comparison more straightfor-
ward, the electrochemical data of the reference samples was normalized
to the same amount of tin atoms as was present in the tincone films. This
amount was determined from X-ray fluorescence (XRF) measurements on
both reference and tincone samples.

The tincone and reference samples were studied in the 0.1 to 3.0 V ver-
sus Li+/Li potential range. In figure 8.18.1, a cyclic voltammetry (CV) mea-
surement of an as deposited tincone sample is shown. It is clear that the
as deposited tincone sample displays no electrochemical activity in the
measured potential range.

Figures 8.28.2 and 8.38.3 show CV measurements of tincone samples that
were annealed in inert (He) and oxidizing atmospheres (5% O

2
/He). The

CV measurement for a reference SnO
2

sample is presented in figure 8.48.4.
Both the tincone and reference samples display almost identical charging
and discharging behaviour as the potential is swept. Two reduction and ox-
idation peak pairs appear in the 0.1 to 3.0 V versus Li+/Li potential range.
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Figure 8.2: Cyclic voltammetry measurement of a tincone film annealed in He at
a rate of 10 ◦C min−1 up to 500 ◦C. The potential was swept in the range of 0.1 to
3.0 V versus Li+/Li. The fifth cycle is shown.
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Figure 8.3: Cyclic voltammetry measurement of a tincone film annealed in 5%
O

2
/He at a rate of 10 ◦C min−1 up to 500 ◦C. The potential was swept in the range

of 0.1 to 3.0 V versus Li+/Li. The fifth cycle is shown.
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Figure 8.4: Cyclic voltammetry measurement of a reference SnO
2

film annealed in
5% O

2
/He at a rate of 10 ◦C min−1 up to 500 ◦C. The potential was swept in the

range of 0.1 to 3.0 V versus Li+/Li. The fifth cycle is shown.

For the tincone samples annealed in inert atmosphere, the average peak
positions can be found at 0.36 and 1.20 V versus Li+/Li. For the tincone
samples annealed in oxidizing atmosphere, the average peak positions
were 0.42 and 1.23 V versus Li+/Li. The redox peak pair at 1.2 V versus
Li+/Li can be associated with the following reduction reaction:[178178, 179179]

SnO
2
+ 4Li+ + 4e− ⇀↽ Sn + 2Li

2
O (8.1)

The other reduction and oxidation pair at 0.4 V versus Li+/Li is at-
tributed to the alloying reaction:[178178, 179179]

Sn + xLi+ + xe− ⇀↽ LixSn (0 ≤ x ≤ 4.4) (8.2)

The rate capability of the annealed tincone samples was measured and
compared to the reference ALD SnO

2
samples. The results are shown in

figure 8.58.5. The delithiation capacity for all samples decreases rapidly as a
function of the discharge current. All samples display very similar, if not
identical, behaviour.
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Figure 8.5: Rate capability measurements at increasing current densities for tin-
cones, annealed in He and air, and the SnO

2
reference in the 0.1 to 3.0 V versus

Li+/Li potential range.

Cyclability tests were performed on all tincone and reference samples.
The electrodes were charged and discharged at a rate of 2C. During this
procedure, the delithiation capacity and coulombic efficiency were moni-
tored. The results are presented in figure 8.68.6. All samples display a poor
coulombic efficiency (< 95%) at the start of the tests. This is most likely
due to the initial formation of the solid-electrolyte interface (SEI) and the
partially irreversible reduction from SnOx to Sn. For the tincones annealed
in He and the reference ALD SnO

2
samples, the coulombic efficiency im-

proves. For the tincones annealed in oxidizing atmosphere, the coulombic
efficiency remains poor. All samples display a decrease in reversible capac-
ity during the first charge/discharge cycles. For the He-annealed tincones
and the reference samples, this decrease seems to stabilize to some extent
after about 20 cycles. For the tincones annealed in 5% O

2
/He, this is not

the case. The total decrease after 50 cycles is the least for the reference
ALD SnO

2
samples.

discussion

From the discussion in chapter 77 we know that the starting phase of the
samples before the electrochemical measurements is as follows: SnO for
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Figure 8.6: Cyclability testing of the He and air annealed tincones, and the SnO
2

reference in the 0.1 to 3.0 V versus Li+/Li potential range at 2C.

samples annealed in inert atmosphere (He); SnO
2

for samples annealed
in oxidizing atmosphere (5% O

2
/He). Initially, it may seem strange that

samples with a different starting oxidation state display such similar elec-
trochemical behaviour. However, when we consider the lithiation/delithi-
ation mechanism of tin, an explanation can be given. During the first
lithium insertion cycle, SnOx is reduced to metallic tin at a potential of
1.14 V versus Li+/Li. SnO

2
is reduced according to reaction 8.18.1 while the

SnO reduction is described by the following reaction:

SnO + 2Li+ + 2e− ⇀↽ Sn + Li
2
O (8.3)

After this first reduction to metallic tin, both the samples annealed in
inert and oxidizing atmospheres exhibit a similar composition. Hence, it
is expected that they behave identically from an electrochemical point of
view.

The next step during lithiation consists of an alloying reaction between
Sn and Li according to reaction 8.28.2. This alloying reaction allows the elec-
trode to store an immense amount of lithium which leads to a large capac-
ity. However, the large structural changes in the material cause a loss of
contact which is observed as a loss of capacity during cyclability testing
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(figure 8.68.6). The “slow” nature of the alloying reactions is reflected in a
poor rate capability of the electrode (figure 8.58.5).

During delithiation, the alloying reaction is almost fully reversible. The
reduction from SnOx to Sn is, however, only partially reversible. This ex-
plains the initial decrease in reversible capacity during the first cycles of
the cyclability tests which was observed for all samples (figure 8.68.6).

conclusions

Several electrochemical measurements were performed on as deposited
and annealed (in inert or oxidizing atmosphere) tincone samples in a po-
tential range of 0.1 to 3.0 V versus Li+/Li. From the start it was clear that
the as deposited tincone samples displayed no electrochemical activity.

The tincone samples annealed in inert and oxidizing atmosphere dis-
played clear charging and discharging behaviour in cyclic voltammetry
measurements. The CV measurements for both sample types appear to
be almost identical. They display two clear redox peak pairs that are at-
tributed to a partially reversible reduction reaction from SnO

2
to metallic

Sn, and a fully reversible alloying reaction between Sn and Li. Rate ca-
pability tests showed that the tincone samples perform equally poorly
as reference SnO

2
samples deposited by ALD. The measured delithiation

capacity decreases rapidly as the charge/discharge rate is increased. Cy-
clability measurements show that a significant amount of capacity is lost
during the first few cycles due to the irreversible formation of the solid-
electrolyte interface and an only partially reversible reduction from SnOx
to Sn. This initial loss was the least for the reference ALD SnO

2
samples.

In conclusion, there is no immediate benefit of using tin-based elec-
trodes deposited by MLD when compared to those deposited by ALD.





Part IV

C O N C L U S I O N S

A conclusion is the place where you get tired of thinking.
– Arthur Bloch
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C O N C L U S I O N S

The research performed in the course of this thesis was aimed towards
reaching the goals set in chapter 22. The goals of this thesis were the follow-
ing: (a) Study the transformation of metalcones into nanoporous metal ox-
ides, (b) develop and characterize MLD processes with alkylamine metal
precursors, and (c) investigate the application of MLD films as electrodes
in lithium ion batteries. The achieved results are summarized and related
to the set goals in the sections that follow.

9.1 transformation of metalcones into nanoporous films

The transformation of alucone into nanoporous Al
2
O

3
was discussed in

chapter 33. Two “flavours” of alucone were deposited by the TMA/EG and
TMA/GL MLD processes. The film growth was linear for both processes
and displayed self-limiting surface reactions. The growth rates measured
with in situ ellipsometry were compatible with existing reports found in
the MLD literature [1111, 1414]. The film composition was verified with in-
frared spectroscopy (in and ex situ) and XPS.

The alucone films were subjected to calcination in air (up to 500 ◦C) and
water etching in order to transform them into nanoporous alumina films.
The porosity, pore size distribution and pore shape of the films was mea-
sured with ellipsometric porosimetry (EP) where the optical properties
of the film were monitored during toluene ad- and desorption. For both
treatments, porosities of about 40% could be achieved for the EG-alucones.
The resulting pore shape and size depended on the given treatment: cylin-
drical, 7 nm pores for water etching, and ink-bottle shaped, 1 nm pores for
calcination in air. Calcination in air was only able to successfully trans-
form EG-alucones at temperature ramp rates below 200 ◦C h−1. A relation-

153
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Figure 9.1: Comparison of the growth behaviour of the TDMAT-, TEMAV- and
TDMASn-based MLD processes with GL (solid line) and EG (dotted line) as the
organic reactant.

ship between the resulting porosity and the ramp rate was found below
this critical ramp rate. GL-alucones could only be transformed by a water
etching treatment that resulted in a porosity of 37% and ink-bottle shaped,
4 nm pores. XPS and infrared spectroscopy measurements revealed that
the composition of the porous films depends on the treatment type. The
calcined films show no traces of remaining carbon. The water etched films,
however, do possess a small amount of carbon content that may suggest a
different surface termination of the porous structure.

9.2 mld with alkylamine metal precursors

Alkylamine metal precursors have been applied extensively in the ALD
literature. The use of these precursors has up to now never been reported
for MLD. Chapters 55, 66, and 77 describe the development and character-
ization of MLD processes based on the TDMAT, TEMAV, and TDMASn
precursors in combination with EG and GL. The resulting hybrid films are
named titanicone, vanadicone, and tincone respectively. Before this work,
vanadicone and tincone films had never been deposited with MLD using
a different metal precursor.

The MLD processes were characterized with in situ ellipsometry mea-
surements. After every full MLD cycle, an ellipsometry measurement in
reflection mode was performed in order to monitor the film thickness
during deposition. The initial growth behaviour for the titanicone, vana-
dicone, and tincone processes is presented in figure 9.19.1. In general, the
EG-based MLD processes display a much lower growth rate than the GL-
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TEMAV/GL and TDMASn/GL MLD processes.

based processes after a few cycles. For all processes, the growth rate for
the EG-based processes drop below 0.1 Å per cycle after a certain number
of cycles. For this reason, the EG-based processes were not investigated
further in this work. It is suspected that the cause of this rapid decrease in
growth rate is related to double surface reactions. This subject was already
touched upon in the introduction of this work (section 1.3.21.3.2). EG possesses
only two hydroxyl groups, thus it is possible that both groups react with
a surface group. This effectively bridges two surface sites without provid-
ing new sites for continued growth. GL has three hydroxyl groups, so
even when two react with the surface it still has a third one available for
continued growth. For the GL-based processes, the film growth appears
to be linear with the cycle number for all three MLD processes.
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For a well-behaved MLD process it is necessary that the surface reac-
tions are self-limiting. This is verified by measuring so-called “saturation
curves”. The film growth per cycle is measured as a function of the pre-
cursor and reactant exposure times. When the surface reactions are self-
limiting, the film growth should “saturate” at a certain exposure time.
The saturation curves for the titanicone, vanadicone, and tincone MLD
processes are shown in figure 9.29.2. It is clear that all processes display self-
limiting reactions since all curves saturate at a sufficiently high precursor
and reactant exposure time.

The temperature windows were determined for the three MLD pro-
cesses and are displayed in figure 9.39.3. All three processes possess a region
of at least 80 ◦C where the MLD growth is linear and self-limiting. The de-
crease in growth rate with increasing temperature is a phenomenon that
is known in the ALD literature and can be attributed to higher desorption
rates of intermediate products from the surface at higher temperatures,
a decrease in the diffusion of the metal precursor in the growing film,
and/or a decrease in available hydroxyl surface sites [22, 1111, 3131, 119119, 180180].
The temperature windows are limited at the lower end to 75 ◦C which
was the lowest, stable sample temperature that could be achieved in the
deposition system. The higher end is limited by the precursor decompo-
sition temperature: 180 ◦C for TDMAT, 200 ◦C for TEMAV, and 325 ◦C for
TDMASn.

The composition, morphology and other properties of the as deposited
metalcone films were characterized ex situ. The composition of the films
was determined with FTIR and XPS. A comparison of the infrared spec-
tra and of the XPS composition analysis can be found in figure 9.49.4 and
table 9.29.2. The FTIR spectra of the as deposited metalcones share sev-
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Table 9.1: Comparison of several properties of the as deposited metalcone films.

Ti V Sn
Density (g cm−3) 2.2 2.6 2.5
Refractive index at 600 nm 1.71 1.61 1.48

Surface roughness (nm) 0.35 0.12 0.18

Crystallinity Amorphous Amorphous Amorphous

eral features. In the 2800 to 3000 cm−1 wavenumber range, two absorp-
tion peaks are visible: the asymmetrical and symmetrical CH

2
stretching

modes at 2940 cm−1 and 2880 cm−1 respectively. In the lower wavenum-
ber area, a small peak at 1470 cm−1 can be distinguished that is related
to the CH

2
scissor mode. The so-called “fingerprint” region of the spec-

trum consists of an organic and an inorganic component. The organic
component consists of the C-C and C-O stretching absorptions located at
1130 cm−1 and 1085 cm−1 respectively. The inorganic component is related
to metal-oxygen vibration modes and can be found in the lower wavenum-
ber range of the fingerprint region. The organic and inorganic parts of the
infrared spectra confirm the deposition of a hybrid organic-inorganic thin
film. This conclusion is corroborated by composition analysis results from
XPS measurements (table 9.29.2). The as deposited films contain about 15 to
20% carbon along with metal and oxygen. Nitrogen impurities from the
alkylamine metal precursors were not found in the hybrid films.

The morphology of the films was verified with SEM and AFM. Both
microscopy techniques showed a smooth, low roughness surface for the as
deposited films. The as deposited films were amorphous, as was observed
with XRD. The density and refractive index of the films were measured
with SE and XRR. The results of the measurements are summarized in
table 9.19.1. The density and refractive index of the hybrid films are much
lower than the values for the respective bulk metal oxides.

9.3 metalcones as electrodes for lithium ion batteries

Titanicone, vanadicone and tincone were investigated as thin film elec-
trodes for lithium ion batteries. Three ideas on how hybrid, thin film elec-
trode materials deposited by MLD could improve on existing thin film
electrodes were proposed in section 2.12.1 of the introduction: (i) flexible elec-
trodes, (ii) porous electrodes, and (iii) electrodes with improved electronic
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Table 9.2: Comparison of the as deposited and heat-treated film properties. The
pie charts indicate the film composition: C, metal, O, and N.

Ti V Sn

As dep.

Amorphous
2.2 g cm−3

Amorphous
2.6 g cm−3

Amorphous
2.5 g cm−3

He anneal

Amorphous
3.1 g cm−3

Amorphous
3.2 g cm−3

SnO
5.4 g cm−3

Air anneal

Anatase TiO
2

4.3 g cm−3
V

2
O

5

3.6 g cm−3
SnO

2

/

conductivity. Ideas (ii) and (iii) can only be achieved with heat treatments
of the films in inert and oxidizing atmosphere after deposition. First, the
effect of the heat and water etching treatments on the films will be dis-
cussed. Secondly, the as deposited and heat treated films are tested as
thin film electrodes for lithium ion batteries.

9.3.1 Effect of the heat and etching treatments

As deposited titanicone, vanadicone and tincone films were subjected to
annealing treatments in inert (He) and oxidizing (air) atmospheres in an
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attempt to transform them in respectively a conducting or porous thin
film. The films were annealed at a rate of 10 ◦C min−1 up to a tempera-
ture of 500 ◦C. At this temperature the films remained for 10 min before
the heating was turned off. The resulting composition (XPS), crystallinity
(XRD) and density (XRR) of the films is summarized in table 9.29.2.

Titanicone and vanadicone react similarly to the heat treatments in He.
For both, annealing in He results in a metal oxide/carbon composite film
where almost all carbon content from the as deposited film is preserved.
This is reflected in the composition analysis from XPS, the lack of crys-
tallinity in XRD, and the density that is in-between the as deposited and
bulk metal oxide values. These films will be interesting for testing the
idea of electrodes with improved conductivity. On the other hand, tincone
behaved differently when annealed in an inert atmosphere. The carbon
content was not retained during the treatment and a significant amount
of carbon was removed from the film. XRD revealed a crystallization to
SnO. This was confirmed by checking the oxidation state of tin in the film
with XPS.

During annealing in air, all carbon content is removed from the metal-
cone films. The resulting films are dense, crystalline TiO

2
, V

2
O

5
and SnO

2

films. The anneal in air did unfortunately not result in porous metal oxide
films.

Water etching was also attempted for the transformation of the as de-
posited films into a porous metal oxide film. This was only successful for
titanicone films. The vanadicone and tincone films delaminated from the
substrate during this treatment.

9.3.2 Electrochemical results

The as deposited, heat treated and water etched metalcone films were
tested as electrodes for lithium ion batteries in a three-electrode test cell
connected to a potentiostat. First, cyclic voltammetry measurements were
performed on the films to test for electrochemical activity, and to deter-
mine the potential range in which the electrode was active. A comparison
of all cyclic voltammograms measured on as deposited and heat treated
films is provided in figure 9.59.5. It is immediately clear that the as deposited
titanicone, vanadicone and tincone films were not electrochemically active
since no lithiation or delithiation peaks were visible in the cyclic voltam-
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alcones, before and after heat treatment. The scan rate was 10 mV s−1. The fifth
CV scan is shown.
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Figure 9.6: Comparison of the rate capability measurements performed on the
different metalcones, before and after heat treatment.

mograms. Unfortunately, this means that the idea to use the as deposited
films as flexible electrode materials does not work for the materials stud-
ied in this thesis. A plausible explanation for this observation is that the
as deposited films are electrically non-conductive [8585]. This issue could
be resolved by switching to a different organic reactant for which the as
deposited films are electrically conductive [5959]. The good news is that the
heat treated films do show electrochemical activity in their respective po-
tential windows: titanicone in 0.8 to 3.2 V vs Li+/Li, vanadicone in 1.0 to
3.5 V vs Li+/Li, and tincone in 0.1 to 3.0 V vs Li+/Li. The crystalline films
(all air-annealed films and He-annealed tincone) display sharper lithiation
and delithiation peaks due to their well-defined crystal structure.

Interestingly, the lithiation mechanisms for the three parent metal ox-
ides are different. The mechanism for TiO

2
is a simple intercalation reac-

tion. Lithium ions are able to position themselves in the existing crystal
lattice. The lattice is distorted to some extent, but no phase changes occur.
On the other hand, V

2
O

5
undergoes one or more phase changes during

lithiation and delithiation, depending on the applied potential range. With
each phase change, the reversibility and rate performance of the electrode
is decreased. More details on this can be found in the introduction of pa-
per III (chapter 66). The lithiation mechanism for tin oxides consists of two
steps. First, tin oxide is reduced to metallic tin, which is accompanied with
the formation of Li

2
O. Secondly, an alloying reaction between Sn and Li

takes place where LixSn (0 ≤ x ≤ 4.4) is formed.

The difference in lithiation mechanism between the films is reflected
in the measured cyclic voltammograms (figure 9.59.5). For titanicone and
vanadicone films, a clear distinction remains between the films annealed
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Figure 9.7: Comparison of the cyclability measurements performed on the dif-
ferent metalcones, before and after heat treatment. The charge rate was 4C for
vanadicone films, and 2C for tincone films.

in He and those annealed in air. In contrast, the CV measurements for both
heat-treated tincone films are identical. The reason for this is the alloying
lithiation mechanism for tin oxides. Although the initial state of the films
is different (SnO or SnO

2
), after the first lithiation and delithiation the

state of the films becomes identical.

Water etched titanicone films were also tested as a porous electrode ma-
terial. The films did not exhibit capacitive behaviour due to direct contact
with the current collector.

Next, the rate performance of the metalcone films was tested in their re-
spective potential ranges. The main results of this test are summarized in
figure 9.69.6. For the titanicone and vanadicone films annealed in inert atmo-
sphere, the rate performance decreases less quickly for increasing charge
and discharge rates. This can be attributed to the increased conductivity
of the carbon/metal oxide composite film. For both films, the delithiation
capacity is greater than that of the reference metal oxide films for suffi-
ciently high C-rates. The alloying mechanism of the tincone films ensures
that the heat-treated films become identical to the reference ALD SnO

2

films after one lithiation/delithiation cycle. This is reflected in the rate
capability measurements that reveal a similar behaviour for all measured
films.
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Finally, the cyclability was tested for the vanadicone and tincone films.
Cyclability is not an issue for the titanicone films since lithiation and
delithiation do not cause any phase changes or alloying reactions for this
material. The results of the cyclability measurements are presented in fig-
ure 9.79.7. The He-annealed vanadicone films display much improved cycla-
bility with respect to the V

2
O

5
reference films. It is hypothesized that the

carbon content of the composite films counteracts the detrimental effects
of the structural changes that occur during lithiation and delithiation. The
cyclic performance of SnO

2
is known to be poor due to the alloying lithia-

tion mechanism. This fact remains unchanged for the heat-treated tincone
films that perform worse than the reference ALD SnO

2
films.

9.4 general conclusions

Molecular layer deposition for the deposition of hybrid organic-inorganic
films was investigated in this work. Two known MLD processes for the de-
position of alucone films were implemented in order to enable the study
of the transformation of these films into porous alumina. Calcination in
air and water etching successfully transformed the films into porous alu-
mina with a porosity of about 40%. Aside from the known processes for
alucone, three new MLD processes based on alkylamine metal precursors
were developed for the deposition of titanicone, vanadicone and tincone.
The processes displayed good linearity, self-limiting surface reactions and
a broad temperature window. Characterization of the films revealed and
confirmed the hybrid organic-inorganic nature of the deposited films. As
deposited and heat-treated titanicone, vanadicone and tincone films were
tested as electrodes for lithium ion batteries. The as deposited films were
electrochemically inactive due to the lack of electronic conductivity, as op-
posed to the films annealed in inert and oxidizing atmosphere. Titanicone
and vanadicone films annealed in inert atmosphere exhibited improved
rate performance at high charge/discharge rates when compared to refer-
ence metal oxide electrodes. The tincone films showed no improvements
over a reference SnO

2
electrode.

In conclusion, it appears that only the pyrolysed titanicone and vanadi-
cone materials show potential to be applied in a lithium-ion battery. At a
low C-rate of 1C (full charge/discharge in 1 hour), there is little to no im-
provement over the reference oxide materials. This charge rate is typical
for smartphones and laptops. However, the hybrid films could be poten-
tially useful for applications requiring fast charging and discharging such



9.5 suggestions for future work 165

as electric vehicles, power tools, and pseudo-capacitors. Realistically, elec-
tric vehicles and power tools are out-of-reach as a direct application for
MLD films due to the low capacity of thin films. However, this study can
act as a model case for the metalcones that were studied since the com-
position of the films and applied treatments were highly controlled. For
higher capacity applications, alternative methods need to be developed to
deposit more material in a faster way than MLD can provide. Secondly,
the MLD films developed in this work may find an application in 3D thin
film batteries since the conformality of the process is an important require-
ment for these batteries, as was mentioned in the introduction.

Thirdly, the hybrid layers presented in this thesis may be used for over-
coating other electrode materials to stabilize the electrode-electrolyte in-
terface, whilst coping with volume changes. Although highly interesting
for thin film batteries, hybrid films deposited by MLD are unlikely to
be applied as complete electrodes in lithium-ion batteries. However, as is
also the case for ALD, many potential applications in lithium-ion batteries
for MLD films lie in the topic of interface engineering of the electrode-
electrolyte interface. Several recent publications that employ thin, flexible
alucone films as a protective coating have been highlighted in the intro-
ductory chapter of this work (section 1.4.2.41.4.2.4). The alucone films were de-
posited on electrodes with significant volume changes and side reactions
with the electrolyte. In these publications, the thickness of the alucone
films needed to remain low in order to ensure that lithium ions could still
pass through the layer. The pyrolysed metalcone films presented here are,
however, electronic and ionic conductors. Hence, these films could poten-
tially be applied as thicker, protective coatings on bulk or even powder
electrodes.

9.5 suggestions for future work

In this work, a first exploration of the applicability of MLD for the deposi-
tion of thin film electrodes for lithium ion batteries was presented. Aside
from titanium-, vanadium-, and tin-based materials, several other metal
oxides are known as electrode materials, such as ZnO, manganese oxides
[181181], CoO

2
, and NiO. The development of MLD processes for a hybrid

version of these oxide materials may be interesting for further exploration
of possible electrode materials deposited by MLD. In particular, “cobalti-
cone” might be interesting as lithium cobalt oxide is commonly used as
the positive electrode of current lithium-ion batteries. Lithium cobalt ox-
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ide suffers from volume changes when delithiated below Li
0.5CoO

2
. Per-

haps, an organic component can alleviate these volume changes and im-
prove the cyclability of the material. A known issue for manganese oxide
electrodes are unwanted side reactions with the electrolyte. Possibly, a
hybrid version of this oxide might be more stable towards the electrolyte.

In general, an electrode needs a redox centre that can change oxidation
state when lithium is inserted or removed from the electrode. For (tran-
sition) metal oxides, such as presented in the previous paragraph, these
redox centers are the metal cations. However, the active redox centre could
also be contained in the organic reactant that is used in the MLD process.
An example of this is MLD of lithium terephthalate thin films that act as
an anode in lithium-ion batteries [5959]. Other organic reactants with similar
properties could possibly be explored.

Here, all MLD processes employed ethylene glycol or glycerol as the or-
ganic reactant. Many other organic reactants have been reported in the lit-
erature and might be applied in MLD processes. The main reason that the
as-deposited titanicone, vanadicone and tincone films were electrochemi-
cally inactive is that the films were not electrically conductive. Inclusion
of organic reactants including conjugated systems in MLD processes is
more likely to result in electrically conductive, hybrid films. Conducting,
as-deposited metalcone films could be highly interesting for the flexible
electrode idea that was presented in this thesis. As an added bonus, this
would remove the need for the pyrolysis treatment that rendered the tita-
nicone, vanadicone and tincone films electrically conductive.

A lithium ion battery consists not only of two electrodes, but also con-
tains an electrolyte. Currently, practically all lithium ion batteries contain a
liquid electrolyte. A liquid electrolyte presents several safety issues and re-
quires a significant volume of packaging to keep it contained. A solid elec-
trolyte would solve many of these issues and therefore many research ef-
forts are invested in their development. One development route is focused
on solid composite electrolytes [6161]. These electrolytes consist of an inert,
porous matrix where the pores are filled with a lithium ion conducting ma-
terial, such as a lithium salt. For this application, the porous matrix could
be provided by a metalcone film that was transformed by calcination in
air or water etching. Unfortunately, alumina is not stable versus lithium
so MLD alucone can’t be applied for this purpose. Magnesium oxide, for
example, is stable with respect to lithium [182182]. Hence, the development of
a MLD process for “magnesicone” could lead to applications in the devel-
opment of solid composite electrolytes. More concretely, ALD of MgO has
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been shown in the literature using bis(ethylcyclopentadienyl)magnesium
as the magnesium precursor, and water as the reactant [183183]. Replacing
water by an organic reactant such as EG or GL might yield a working
MLD process.





Part V

A P P E N D I X

Being a scientist is like doing a jigsaw puzzle in a snowstorm at
night, with some pieces missing, and with no idea what the finished
picture looks like.

– Anonymous





A
E X P E R I M E N TA L T E C H N I Q U E S

a.1 deposition systems

Two dedicated molecular layer deposition systems were designed and
constructed in the CoCooN research group in Ghent for this work. The
two setups are shown schematically in figures A.1A.1 and A.2A.2. The reaction
chambers are custom-made in stainless steel and evacuated by a turbo-
molecular pump to a base pressure in the 10−6 - 10−7 mbar range. The
turbo-molecular pump is connected to a rotary vane pump that keeps the
backing pressure around 10−2 mbar. The deposition chamber is heated to
a temperature of 120 ◦C to minimize condensation of the organic reactants.
A copper block fitted with resistive cartridge heaters is used to heat the
samples. The sample temperature is controlled and monitored by a PID
controller with an attached thermocouple. The vessels containing the pre-
cursors, and the delivery lines are also kept at a constant temperature by a
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Figure A.1: Illustration of the MLD reactor equipped with in situ spectroscopic
ellipsometry.
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Figure A.2: Illustration of the MLD reactor equipped with in situ infrared spec-
troscopy (FTIR).

PID controller. The delivery lines are typically heated to 50 ◦C. Some pre-
cursors and reactants, such as glycerol, were unable to deliver sufficient
vapor pressure to saturate the surface of the sample. These precursors
were loaded into bubbler vessels that allowed the use of a flow of argon
as a carrier gas.

One deposition system was fitted with glass viewports that allowed
in situ spectroscopic ellipsometry (SE) in reflection mode during MLD.
This setup is shown schematically in figure A.1A.1. SE allowed monitoring
of the film thickness and its optical properties during the deposition pro-
cess. The ellipsometer (J. A. Woollam, Model M-2000) operates in the ul-
traviolet to near infrared region. The data was analyzed in the provided
CompleteEASE software package. A more thorough explanation on the
measurement principle of ellipsometry is given in section A.2A.2.

The other system was fitted with IR-transparent ZnSe viewports that
enabled in situ infrared spectroscopy in transmission mode using an FTIR
spectrometer. A diagram of the setup is given in figure A.2A.2. The spectro-
meter (Bruker Tensor 27) was fitted with a standard configuration: a mid-
IR globar source, a KBr beamsplitter and a DLaTGS detector. The optics
compartment was purged with dry air from a purifier in order to avoid
contributions from CO

2
and H

2
O in the measured spectra. Cycle-by-cycle

monitoring of the MLD process was impossible due to the poor signal-to-
noise ratio. However, averaging the measured difference spectra over 100+
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MLD cycles significantly reduced data noise and the added/removed sur-
face groups became clearly visible. The reason that this works is due to
the repetitive and reproducible nature of a MLD, or in general ALD, cycle.
A more in-depth discussion on the FTIR spectrometry is given in section
A.4A.4.

a.2 spectroscopic ellipsometry (se)

Ellipsometry is an optical measurement technique for thin films from
which information on the thickness and optical properties of the film
can be derived. During a measurement, the change in polarization upon
transmission or reflection is detected. This polarization change consists
of an amplitude component Ψ and a phase shift ∆. After measuring, the
gathered data is fitted to a suitable optical model from which the film
thickness and refractive index can be extracted (among other optical prop-
erties). The name ellipsometry comes from the fact that linearly polarized
light becomes “elliptical” upon reflection. Spectroscopic ellipsometry (SE)
is an extension of ellipsometry where (Ψ, ∆) spectra are measured at mul-
tiple wavelengths in the UV/visible range. There are several advantages
to using SE compared to other techniques:

• High precision (sensitivity approx. 0.1 Å)

• Non-destructive

• Contactless measurements

• Fast (1 - 3 sec/measurement)

• Realtime process monitoring

Of course, there are also some disadvantages:

• Optical model required (indirect characterization)

• Complex data analysis

• Low spatial resolution (limited by mm-sized beam spot size)

• Difficult characterization of low-absorption materials
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An important disadvantage in this list is the need for an optical model.
The correctness of the model immediately impacts the attainable accuracy.
This does not pose a problem for known materials for which a proper
working model has been established. For new materials, on the other
hand, care must be taken to construct an adequate model to describe
the measurements. In practice this implies that information on the opti-
cal properties of the film (e.g. film thickness) must be gathered from other
measurement techniques first.

Ellipsometry is applied in many different fields such as the semiconduc-
tor industry, chemistry, communication technology, displays, biosensors,
optical coatings, data storage, and more.

a.2.1 Theoretical background

Light can be described as an electromagnetic wave. For ellipsometry, it is
sufficient to only take the behaviour of the electric field into consideration
since, in free space, the electric and magnetic field are orthogonal. Look-
ing at the orthogonal components of the electric field, the following three
polarizations are possible:

• Linear polarization: When the two orthogonal waves are in phase,
the resulting light wave will be linearly polarized. The electric field
moves along a straight line. The slope of the line is determined by
the relative amplitudes.

• Circular polarization: Combination of two orthogonal waves with a
phase difference of 90 degrees and equal amplitude results in a cir-
cularly polarized wave. In this case, the electric field vector moves
along a circle.

• Elliptical polarization: The combination of two orthogonal waves with
arbitrary phase and amplitude results in a wave that is elliptically
polarized. This is the most general polarization where the electrical
field moves along an ellipse.

Matter interacts with light. This interaction can be described with a
complex refractive index ñ and extinction coefficient k. These are all a
function of the angular frequency ω of the light wave.
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Figure A.3: Illustration of the different polarizations of light.[184184]

ñ(ω) = n(ω)− ik(ω) (A.1)

This relation holds for a wave described by E = E0 exp i(ωt − Kx) with
K = 2πn/λ = ωn/c. The complex refractive index ñ is related to the
complex dielectric function ϵ̃(ω) = ϵ1(ω)− iϵ2(ω) as follows:

ñ(ω)2 = ϵ̃(ω) (A.2)

The refractive index n describes how the speed of light changes when
traveling through a certain medium compared to the speed of light in
vacuum.

v =
c
n

(c = 2.99792 × 108 m/s) (A.3)

The extinction coefficient k (also called attenuation coefficient) describes
the absorption of light. This coefficient is related to the absorption coeffi-
cient α that appears in Beer’s law:

I(d) = I(0) exp(−αd) with α =
4πk

λ
(A.4)

Boundary conditions

Maxwell’s equations are valid both inside and outside of the material with
which the light is interacting. This calls for conditions that need to be im-
posed at the boundary between vacuum and the material surface. Incident
light will either reflect or refract at the interface. For refraction, Snellius’
law is valid: n1 sin(θ1) = n2 sin(θ2).
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Figure A.4: Illustration of the p-polarization and s-polarization.[185185]

Reflected or refracted light can be divided into two polarizations, de-
pending on the orientation of the electric field: p- and s-polarization. For
p-polarization, the electric field of the incident and reflected/refracted light
oscillates in the same plane: the plane of incidence. For s-polarization, the
electric field oscillates orthogonally to this plane. Both polarizations are
illustrated in figure A.4A.4.

The boundary conditions that follow from Maxwell’s equations differ
for p-polarization and s-polarization. This means that both polarizations
will act differently when reflected or refracted. Working out the boundary
conditions ultimately leads to the Fresnel equations for transmission and
reflection coefficients, which are defined as follows:

rp ≡
Er,p

Ei,p
tp ≡

Et,p

Ei,p
rs ≡

Er,s

Ei,s
ts ≡

Et,s

Ei,s
(A.5)

with E the amplitude of the electric field, p for p-polarization, s for s-
polarization, t for transmission, r for reflection and i for incident light. We
refer to chapter 2 of the book Spectroscopic Ellipsometry - Principle and Ap-
plications for more details on how the equations are derived.[185185] For thin
films and multilayer structures these Fresnel coefficients must be taken
into account for every boundary interface that the light passes through.
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we have seen in Chapter 3, the state of polarization is expressed by superimposing
waves propagating along two orthogonal axes. In ellipsometry measurement, the
polarization states of incident and reflected light waves are described by the
coordinates of p- and s-polarizations. The incident vectors Eip and Eis in Fig. 4.1
are identical to those defined in Fig. 2.15. From comparison with Fig. 2.15, it can
be seen that the directions of the electric field vectors for p- and s-polarizations
are reversed on both incident and reflection sides in Fig. 4.1, in order to make the
understanding of ellipsometry easier. When the vectors are defined by the directions
shown in Fig. 4.1, all the equations described in Chapter 2 remain the same. Notice
that the vectors on the incident and reflection sides overlap completely when ! = 90!

(straight-through configuration). In Fig. 4.1, the incident light is linear polarization
oriented at +45! relative to the Eip axis. In particular, Eip = Eis holds for this
polarization since the amplitudes of p- and s-polarizations are the same and the
phase difference between the polarizations is zero.
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Figure 4.1 Measurement principle of ellipsometry.

As mentioned earlier, the amplitude reflection coefficients for p- and
s-polarizations differ significantly due to the difference in electric dipole radiation
(see Section 2.3). Thus, upon light reflection on a sample, p- and s-polarizations
show different changes in amplitude and phase. As shown in Fig. 4.1, ellipsometry
measures the two values "#$%& that express the amplitude ratio and phase difference
between p- and s-polarizations, respectively. In ellipsometry, therefore, the variation
of light reflection with p- and s-polarizations is measured as the change in
polarization state. In particular, when a sample structure is simple, the amplitude
ratio # is characterized by the refractive index n, while % represents light absorption
described by the extinction coefficient k (see Section 5.1.1). In this case, the two
values "n$k& can be determined directly from the two ellipsometry parameters
"#$%& obtained from a measurement by applying the Fresnel equations. This is the
basic principle of ellipsometry measurement.

The "#$%& measured from ellipsometry are defined from the ratio of the
amplitude reflection coefficients for p- and s-polarizations:

' " tan # exp"i%& " rp

rs
"4.1&

Figure A.5: Illustration of the measuring principle for ellipsometry.[185185]

Relation to the ellipsometry parameters

The reflection coefficients for s- and p-polarization are different. This im-
plies that the changes in amplitude and phase will also be different. Ellip-
sometry measures Ψ and ∆ which corresponds to the amplitude ratio and
the phase shift respectively, as illustrated in figure A.5A.5. The difference in
reflection between s- and p-polarization is hence measured as a change in
polarization state. For simple samples, the amplitude ratio Ψ is mainly de-
termined by the refractive index n, while the phase shift ∆ is determined
by light absorption and the extinction coefficient k. The refractive index
n and extinction coefficient k can be calculated from Ψ and ∆ with the
Fresnel equations.

The ellipsometry parameters Ψ and ∆ are defined by the complex re-
flectance ratio ρ, which is the ratio of the reflection coefficients of the p-
and s-polarizations.

ρ ≡ tan(Ψ)ei∆ ≡
rp

rs
=

(
Er,p

Ei,p

)/(
Er,s

Ei,s

)
(A.6)

The angle of incidence is usually chosen close to the Brewster angle to
ensure a maximal difference in rp and rs. The Brewster angle is calculated
as θB = arctan(nsample/nair) and is about 56 degrees for a glass sample.
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Figure A.6: Rotating analyzer ellipsometer [184184].

a.2.2 Setup

The basic ingredients necessary to build an ellipsometer are a light source,
a polarization generator, a sample, a polarization analyzer and a detector.
Multiple configurations are possible, but in this work a so-called rotating
analyzer ellipsometer was employed. This setup is shown schematically in
figure A.6A.6.

Unpolarized light is emitted by a Xe-arc source (200 nm - 1000 nm) and
passed through a fixed polarizer. The fixed polarization is chosen in be-
tween the s- and p-planes to ensure that both polarizations are present in
the incident light. The light is reflected by the sample and becomes ellipti-
cally polarized. This light arrives at a continuously rotating polarizer: the
analyzer. The light intensity is measured at every position of the analyzer.
The intensity is dependent on the position of the polarizer with respect
to the elliptical polarization of the light. This way the polarization of the
reflected light can be measured. Comparison of the polarization of the re-
flected light with the known polarization of the incident light allows us to
determine the complex reflectance ratio and hence Ψ and ∆.

a.2.3 Data analysis

For simple samples (single reflection at a bulk layer) the optical con-
stants and thickness can be determined analytically from the measure-
ment. However, when there is also a surface layer present on the sample,
this analytical solution is no longer valid. For example, the calculated re-
fractive index will be a combination of the refractive index of the bulk
material and of the refractive index of the surface layer. Hence, for most



A.3 ellipsometric porosimetry (ep) 179

Data Analysis 197

Construction of
an optical model

Surface roughness

Bulk layer

ds

db

h!

h!

Substrate

M: Number of data points
P: Number of parameters

Selection or modeling
of dielectric functions

Fitting to (",#) spectra

Calculation of fitting
error

Determination of optical
constants and thickness

Judgement of result

Error minimization

$1

$2

#

"

%2 =  &['ex(hvi) ( 'cal(hvi)]
2

M ( P ( 1 
' = tan! exp(i#)

Figure 5.39 Flowchart of the data analysis procedure in spectroscopic ellipsometry.

As confirmed from Fig. 5.39, ellipsometry analysis is performed from fitting
using an optical model. Nevertheless, an optical model used in ellipsometry analysis
merely represents an approximated sample structure, and obtained results are not
necessarily correct even when the fit is sufficiently good. Accordingly, when the
optical constants or film structures of a sample are not known well, the ellipsometry
results must be justified using other measurement methods. This is the greatest
disadvantage of the ellipsometry technique. However, once an analytical method
is established, it becomes possible to perform high-precision characterization in a
short time using spectroscopic ellipsometry. In order to verify sample structures
estimated from spectroscopic ellipsometry, various characterization techniques
including scanning electron microscope (SEM), transmission electron microscope
(TEM), and AFM have been used. Recently, X-ray reflectivity technique has also
been employed to confirm ellipsometry results [61,62]. If we perform ellipsometry
analysis using a data set obtained from different incidence angles or thin film
thicknesses, more reliable ellipsometry results can be obtained [4].

Figure 5.40 shows a schematic diagram of linear regression analysis. In this
analysis, the analytical solution xr is determined from a value that minimizes the

Figure A.7: The data analysis process [185185].

samples, the optical constants and film thickness are determined by re-
gression analysis.

The data analysis process is illustrated in figure A.7A.7. An optical model
is constructed to describe the measured sample. This model is employed
to predict the results of the measurement via the Fresnel equations. Each
layer in the model is assigned a thickness and optical constants. The cal-
culated values are compared with the experimental data and the mean
squared error (MSE) is calculated. It is now possible to vary certain pa-
rameters in the regression analysis in order to minimize the MSE.

a.3 ellipsometric porosimetry (ep)

Ellipsometric porosimetry (EP) is a technique that employs spectroscopic
ellipsometry to quantify the porosity of thin films. A detailed explanation
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on the technique can be found in the Experimental and Results sections
of paper I in chapter 33.

a.4 fourier transform infrared spectroscopy (ftir)

Nowadays Fourier transform infrared spectroscopy or FTIR is the most
preferred way of performing infrared (IR) spectroscopy. IR light is passed
through a sample and partially absorbed. Analysis of the transmitted light
results in an absorption spectrum where certain peaks are present due
to molecular absorption of the IR light in the sample. The position and
amplitude of these peaks serve as a fingerprint for the sample since no two
molecular structures will generate an identical spectrum. IR spectroscopy
provides us with two types of information:

• Identification: The position of the peaks can be related to certain
chemical groups and bonds. This allows identification of the mea-
sured material.

• Concentrations: The amplitude of the peaks contains a direct measure
of the amount of material present in the sample. This way the con-
centration of certain products inside a sample can be determined.

a.4.1 Theoretical background

a.4.1.1 Translations, rotations and vibrations

Infrared spectra are the result of transitions between discrete vibrational
energy modes. Consider a system of n cores (a molecule). This system
has 3n degrees of freedom. These degrees of freedom can be divided into
three categories: translations, rotations and vibrations.

Three degrees of freedom correspond with the translation of the molecule
as a whole. They describe the movement of the center of mass. In this case,
the inter-core distances and the potential energy remain unchanged. The
corresponding frequencies are hence zero.

Similarly, three degrees of freedom describe the rotation of the rigid
molecule around a certain axis. For a linear molecule, only two such de-
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unexpected consequence that many operators of FT-IR spectrometers have received
little or no formal training in vibrational spectroscopy. To serve these new players in
the ‘‘FT-IR game’’ and to help give them a better appreciation of how the measure-
ment of infrared spectra may be optimized, a brief introduction to the origin of
vibrational spectra of gases, liquids, and solids is given in the remainder of this
chapter. In the rest of the book, we show how FT-IR spectrometers work and
how to measure the most accurate and information-rich infrared spectra from a
wide variety of samples.

1.2. MOLECULAR VIBRATIONS

Infrared spectra result from transitions between quantized vibrational energy states.
Molecular vibrations can range from the simple coupled motion of the two atoms of
a diatomic molecule to the much more complex motion of each atom in a large
polyfunctional molecule. Molecules with N atoms have 3N degrees of freedom,
three of which represent translational motion in mutually perpendicular directions
(the x, y, and z axes) and three represent rotational motion about the x, y, and z axes.
The remaining 3N ! 6 degrees of freedom give the number of ways that the atoms
in a nonlinear molecule can vibrate (i.e., the number of vibrational modes).

Each mode involves approximately harmonic displacements of the atoms from
their equilibrium positions; for each mode, i, all the atoms vibrate at a certain char-
acteristic frequency, ni. The potential energy, V"r#, of a harmonic oscillator is
shown by the dashed line in Figure 1.1 as a function of the distance between the
atoms, r. For any mode in which the atoms vibrate with simple harmonic motion
(i.e., obeying Hooke’s law), the vibrational energy states, Viv , can be described

Figure 1.1. Potential energy of a diatomic molecule as a function of the atomic displacement during a

vibration for a harmonic oscillator (dashed line) and an anharmonic oscillator (solid line).

MOLECULAR VIBRATIONS 3

Figure A.8: The potential of a diatomic molecule as a function of the distance
between the atoms for a harmonic oscillator (dotted line) and an anharmonic os-
cillator (solid line). [186186].

grees of freedom exist since a rotation around the axis of the molecule
does not change anything. The rotational states of the molecule as a rigid
structure are quantized. For a polar molecule, transitions between differ-
ent rotational states can be observed with microwave or far infrared ab-
sorption spectroscopy. For a non-polar molecule these transitions can be
measured with Raman spectroscopy.

The remaining 3n − 6 (or 3n − 5 for a linear molecule) degrees of free-
dom correspond to vibrations or internal motions of the system called vi-
brational modes. Each mode describes approximately harmonic oscillations
of the atoms around their equilibrium position with a certain characteris-
tic frequency νi. The potential energy of a harmonic oscillator as a function
of the distance between the atoms is shown in figure A.8A.8.

For a harmonic oscillator, the vibrational energy states Viν are known
from quantum mechanics:

Viv = hνi

(
vi +

1
2

)
(A.7)

where h is Planck’s constant, νi the fundamental frequency of the mode,
and vi the vibrational quantum number of the ith mode (vi = 0, 1, 2, . . . ).
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The motion of the atoms during a vibration can be described using
normal coordinates Qi. The molecule can only attain an excited state by
optical excitation when its dipole moment µ changes during the vibration.
In reality, there are no 3n − 6 (or 3n − 5 for a linear molecule) absorption
peaks in IR absorption spectra, but less. The reason for this is that some of
the vibration energy levels are degenerate.[187187] Other transitions are elec-
tric dipole forbidden and thus not observed in IR absorption spectroscopy.
An anharmonic potential function proves to be a better descriptor of the
potential energy as a function of interatomic distance than the harmonic
potential. The vibrational energy can then be approximated by the follow-
ing equation.

Viv = hνi

(
vi +

1
2

)
+ hνixi

(
vi +

1
2

)2
(A.8)

where xi is the anharmonicity constant. This constant has no unit and
usually has values between -0.001 and -0.02.

If the vibration modes were strictly harmonic, then only transitions
where ∆νi = ±1 would be allowed. The anharmonicity relaxes this se-
lection rule and transitions where |∆νi| > 1 can be allowed. This causes
overtones (∆νi = 2, 3, . . . ) and combination levels (∆νi = 1 and ∆νj = 1
where j is a different mode) to appear next to the fundamental transitions
(∆νi = 1).

Every molecule possesses slightly different vibrational modes that dif-
ferentiate the molecule from others. This causes the IR spectrum of a
certain molecule to be unique and hence it can be used to identify the
molecule. This is usually done with the aid of databases.

Example: ethylene C2H4

In general, the different vibrational modes of a molecule are indicated
with different categories of coordinates, depending on the motion of the
atoms. These different coordinate categories will now be illustrated with
ethylene (C

2
H

4
).

• Stretching: The bond length changes (C-H or C=C).

• Bending: The angle between two bonds changes.
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Figure A.9: The ethylene molecule (C
2
H

4
)

Symmetric stretching mode Asymmetric stretching mode Rocking mode
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Figure A.10: Three vibration modes of a CH
2

group. The motion of the C atom is
not indicated in the illustration since it is significantly smaller than the motion of
the hydrogen atoms. This motion is, however, necessary to keep the center of mass
in the same position.
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• Rocking: The angles between a group of atoms and the rest of the
molecule changes. The group remains in the same plane during the
motion.

• Wagging: The angles between the plane defined by a group of atoms
and the plane of the molecule changes. For ethylene, the CH

2
group

can rotate out of the molecular plane around the C atom. The hy-
drogen atoms move up and down with respect to the plane of the
molecule.

• Twisting: The angle between the planes defined by two groups changes.
For ethylene, the two CH

2
groups can rotate w.r.t. each other around

the C=C bond.

• Out-of-plane: Here, one atom is lifted out of the plane defined by the
molecule. For ethylene, this atom can be one of the four hydrogens.
A better example is, however, the planar molecule BF

3
where the B

atom is lifted out of the plane defined by the three fluorine atoms.

The bond length remains unchanged for the rocking, wagging and twist-
ing coordinates; only the angle between bonds changes. In ethylene there
are a total of 12 vibrational coordinates: 4 C-H stretching, 1 C-C stretching,
2 H-C-H bending, 2 CH

2
rocking, 2 CH

2
group wagging and 1 twisting.

Three of the CH
2

group modes are illustrated in figure A.10A.10.

a.4.2 FTIR versus dispersive IR spectroscopy

The first IR spectrometers were of the dispersive type. Different frequen-
cies of IR light were separated by a prism or a grating. Each frequency of
IR light was then passed through the sample separately. The detector mea-
sured the light intensity at each frequency and thus an IR spectrum was
obtained. This method of performing IR spectroscopy is straightforward
to understand but it has a few downsides. First, a single measurement
takes up quite a long time. A couple of minutes is needed to acquire a
single scan. To obtain a better signal-to-noise ratio, one is required to mea-
sure multiple scans. Another disadvantage is that the system requires an
external calibration method to ensure that the frequency range for the
measurements is correct.

The modern way of performing IR spectroscopy is with FTIR spectrom-
eters. Instead of scanning the frequency range in a point-by-point fashion
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as with dispersive IR spectroscopy, the full range is measured simulta-
neously. This is possible by using an interferometer that selects a set of
frequencies from a polychromatic light source. A moving mirror enables
the interferometer to select multiple frequency sets. By combining all the
data acquired at the multiple frequency sets and performing a Fourier
transformation, the IR spectrum can be found.

The different way of measuring IR spectra gives FTIR a couple of ad-
vantages over dispersive IR spectroscopy [188188]:

• Speed: In FTIR, all frequencies are measured simultaneously. A sin-
gle scan therefore takes only a few seconds to measure. This is some-
times referred to as the Felgett or multiplex advantage.

• Sensitivity: The sensitivity of FTIR is much higher than for dispersive
IR spectroscopy. Firstly, the detectors in FTIR spectrometers show
improved sensitivity w.r.t. those used in dispersive IR spectroscopy.
This is due to the fact that FTIR spectrometers require less mirrors
on the optics bench, and thus suffer less from losses at reflections.
Secondly, an FTIR spectrometer does not require a slit to select the
correct frequency. This is referred to as the Jacquinot advantage. Lastly,
many scans can be measured in a short timeframe. Adding up all
these measurements reduces noise significantly.

• Robust: An FTIR spectrometer possesses only one moving part: the
interferometer mirror. Therefore, the chance for encountering me-
chanical issues is small.

• Internal calibration: Most FTIR devices contain a HeNe laser. This
laser allows control over the mirror speed and precise measurement
timing. It also emits light with a fixed frequency that enables fast
and accurate internal calibration of the spectrometer. This is called
the Connes advantage.

There exist, of course, also a few disadvantages [189189]:

• Interferogram: An FTIR spectrometer measures interferograms instead
of IR spectra. These interferograms are difficult to interpret without
first transforming the data, via a Fourier transformation, into spec-
tra. Hence, the IR spectra are influenced heavily by the way that the
Fourier transformation is calculated.
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• The Felgett disadvantage: This disadvantage exists for systems where
the main source of noise is the IR light source. In FTIR all frequencies
are measured simultaneously. When noise arises in some part of the
IR light, this noise will spread to all data points in the spectrum.

a.5 x-ray techniques

a.5.1 X-ray diffraction (XRD)

X-ray diffraction is a non-destructive technique that allows the character-
ization of the crystallinity of the material under investigation. A parallel
beam of X-rays arrives at the sample under a certain angle. In a sample
that possesses some form of crystallinity there exist parallel planes that
are determined by the crystal lattice. For X-rays that are reflected at these
planes, constructive interference can be achieved when the Bragg condi-
tion 2d sin θ = nλ is satisfied. In this equation, d is the distance between
the parallel planes, λ is the wavelength of the X-rays, θ is the X-ray inci-
dence angle w.r.t. the plane normal, and n is an integer number. This condi-
tion is illustrated in figure A.11A.11. The distance between the planes, and the
amount of planes that exist in the sample are characteristic for the crystal
structure. By measuring the reflected X-ray intensity while scanning over
multiple angles, a spectrum can be found that serves as a fingerprint for
the crystal structure of the material.

In this work, a Bruker D8 Discover, equipped with a Cu Kα source and
Vantec linear detector was used to carry out ex situ XRD measurements.

In situ XRD

In our group (CoCooN), a dedicated in situ XRD setup exists. This setup
allows the monitoring of crystallinity changes in a sample during a ther-
mal anneal under different pressure conditions and atmospheres (He, H

2
,

O
2
). Crystallinity changes during reduction, oxidation and solid state re-

actions can be observed via a careful selection of the temperature ramp,
pressure and atmosphere.
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Figure A.11: Schematic illustration of the Bragg condition for constructive interfer-
ence during X-ray diffraction measurements. [190190]

a.5.2 X-ray reflectivity (XRR)

X-ray reflectivity is also a non-destructive X-ray technique that allows the
indirect measurement of film thickness, density and roughness. The spec-
ular reflection of an X-ray beam on a planar substrate is measured as a
function of the incident angle (typically 0.6 to 6°). At an incident angle
slightly larger than the critical angle, interference will occur between X-
rays reflected from the top surface and from interfaces between layers in
the sample. This interference will cause the reflected intensity to oscillate.
The width of the fringes is related to film thickness and increases with
decreasing film thickness. Below the critical angle, the X-rays are totally
reflected since the refractive index of the studied materials is less than 1

for X-rays. This critical angle is characteristic for the film density. Film
thickness, density and roughness can be extracted from the measured re-
flectivity by fitting a theoretical curve. The influence of film thickness and
density on the measurement is illustrated in figure A.12A.12.

a.5.3 X-ray fluorescence (XRF)

X-ray fluorescence is a spectroscopy technique that studies the light that
is emitted when the sample is irradiated with x-rays. When the incident
photons have an energy that is larger than the binding energy of an elec-
tron in the inner shell of an atom in the sample, then the electron can be
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Figure A.12: The influence of film thickness and density on the measured reflec-
tivity as a function of the incident angle.[191191]

16 CHAPTER 2

Figure 2.5. Electronic transitions in a Ti atom that produce the charac-
teristic peaks within an XRF spectrum. K- or L- peaks arise when the inner
vacancy that is created and subsequently filled, is in the K or L shell, respec-
tively. Depending on the shell from which an outer electron is moved into
the vacancy, the K- or L- peaks are additionally labelled as ↵ or � peaks.

2.2.2 In Situ Characterization Methods at the Synchrotron in
Brookhaven

The unique facility at beamline X21 of the NSLS in Brookhaven enables the use
of in situ X-ray characterization techniques during ALD, including XRF, x-ray
reflectivity (XRR) and grazing incidence small angle x-ray scattering (GISAXS).
In this work, the energy of the incident photons is selected to be 8 or 12 keV using
a Si (111) double-crystal monochromator.

Figure A.13: Schematic illustration of X-ray fluorescence.[192192]
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ejected from the atom. In its place a gap is created (figure A.13A.13a). This
gap must be filled again because it causes an instability in the electronic
structure of the atom. An electron from an outer shell is moved to fill the
gap. This move can only be made possible if the electron sheds some of
the excess binding energy it possesses in the outer shell. The excess en-
ergy can be removed from the electron by emitting an x-ray photon (or
an Auger electron) as is illustrated in figure A.13A.13b. The energy of the pho-
ton is equal to the difference in binding energy between the two electron
shells. The binding energies of the shells in an atom are unique and thus
the emission spectrum is characteristic for the atom. Hence, the elemental
composition of the sample can be investigated with XRF spectroscopy.

In this work, the XRF measurements were carried out on a Bruker Artax
system equipped with a Mo x-ray source and an XFlash 5010 silicon drift
detector.

a.5.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a spectroscopic technique that en-
ables the measurement of the elemental composition of the near-surface
region of a sample. Information on the chemical and electronic state of
the present elements can also be obtained from the spectrum. During an
XPS measurement, the sample is irradiated with monochromatic x-rays in
an ultra-high vacuum (UHV) setup. Due to the photoelectric effect, elec-
trons are able to escape from the sample. The quantity and kinetic energy
of the electrons is then analyzed. The binding energy of the electrons is
directly related to the measured kinetic energy and is characteristic for
the atom from which the electron escaped. This measurement principle
is graphically shown in figure A.14A.14. The measurement of the character-
istic energies allows XPS to identify the elements present in the sample,
their chemical surrounding and the relative amount of each element in the
sample.

XPS is only sensitive to the top surface layers of the sample. In order
to investigate deeper layers of the sample, an argon ion gun is installed
in the XPS setup. In between XPS measurements, etching steps can be
introduced to remove surface layers of the sample. This allows the mea-
surement of a composition depth profile. In this work, the etching function
was mainly used for removing carbon contamination from the surface. A
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Figure A.14: Schematic illustration of an XPS setup.[193193]

Thermo Scientific Theta Probe system equipped with a monochromatic Al
Kα x-ray source was employed for all XPS measurements.

a.6 microscopy techniques

a.6.1 Electron microscopy

In order to investigate the morphology of structures and features smaller
than 100 nm, an electron microscope must be employed. The reason for
this is that the resolving power of a microscope is limited by the wave-
length of the light that is used. In a classic optical microscope, the sample
is illuminated with light from the visible range of the electromagnetic
spectrum which limits the size of the smallest observable feature to about
200 nm. Several techniques such as stimulated emission depletion (STED)
microscopy and single molecule microscopy exist that circumvent this lim-
itation. A different approach is to change the type of light that illuminates
the sample. The wavelength of an electron can be much shorter than vis-
ible light and thus the resolving power of an electron microscope is sig-
nificantly higher. In this work, two different types of electron microscope
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Figure A.15: Interactions of a high-energy electron beam with matter.[194194]



192 experimental techniques

were employed to investigate the morphology of the samples and will be
discussed in the next sections.

a.6.1.1 Transmission electron microscopy (TEM)

Transmission electron microscopy is the original form of electron micro-
scopy. The sample is illuminated with a high voltage electron beam. The
electron beam interacts with the sample and the transmitted electron beam
carries information about the structure of the sample. The transmitted
beam is manipulated with a set of electromagnetic lenses in order to ob-
tain an image.

A major condition to be able to perform TEM is that the sample must
be partially transparent to the electron beam. This severely limits the ac-
ceptable thickness of samples, typically to about 100 nm. This condition
makes the preparation of samples technically challenging.

In this work, TEM imaging was performed at Universités Aix-Marseille,
CNRS, CINAM on a JEOL JEM 3010 microscope at 300 kV. The samples
were thinned by ion milling with a precision ion polishing system (PIPS,
Gatan M691).

a.6.1.2 Scanning electron microscopy (SEM)

As the name implies, scanning electron microscopy generates an image by
scanning a focused electron beam across a rectangular area of the sample.
The image is created by mapping the intensity of a signal to the current
position in the scan. For topological information, the image is usually gen-
erated with the signal arising from the secondary electrons (figure A.15A.15).
The image resolution that can be obtained with SEM is in general lower
than that with TEM. A large advantage of SEM with respect to TEM is,
however, the limited sample preparation since the electrons do not need
to pass through the sample. In this work, SEM imaging was carried out
on a Quanta 200F (FEI) microscope at 20 kV.
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Figure A.16: Schematic representation of the three-electrode cell used for electro-
chemical measurements.

a.6.2 Atomic force microscopy (AFM)

Atomic force microscopy is a non-destructive form of microscopy where
the sample surface is scanned with a sharp AFM tip. AFM measurements
can be performed in three operating modes: contact, non-contact and tap-
ping. In this work, all measurements were performed in tapping mode.
The AFM tip is mounted on a cantilever that is oscillated by a piezoelectric
element. The tip is scanned over the sample surface with a piezoelectric
XY stage. Interactions with the surface will alter the amplitude of the oscil-
lation. A feedback loop in the system tries to keep the amplitude constant
by changing the height of the cantilever above the sample. By mapping the
height of the cantilever with its XY coordinates results in a 3D image of
the surface. All AFM measurements shown in this thesis were performed
on a Bruker Dimension Edge system.

a.7 electrochemical techniques

The ideal battery electrode possesses a large capacity, can be charged
and discharged fast (good rate capability), and shows little to no degra-
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dation when cycled repeatedly. Several electrochemical techniques were
employed in order to gauge these properties.

All electrochemical measurements were performed in a three-electrode
cell configuration. This configuration is shown schematically in figure
A.16A.16. The cell contains two adjacent cylinders where the counter and
reference electrodes are placed. In this work, both electrodes consisted
of lithium metal strips (Sigma Aldrich). The reference electrode compart-
ment is connected to the counter electrode section through a Luggin capil-
lary. This narrow tube defines a clear sensing point for the reference elec-
trode near the working electrode and is not affected by reactions at the
working electrode. All current passes between the counter and working
electrode.

In this work, electrochemical measurements were executed inside an
argon-filled glove box with a sub-1-ppm H

2
O and O

2
content. The sam-

ples were measured on a three-electrode setup connected to a Metrohm
Autolab PGSTAT302 potentiostat. The Li+ electrolyte was a solution of 1M
LiClO

4
in propylene carbonate (99%, io-li-tec). The area of the cell in con-

tact with the electrolyte was 0.9503 cm2.

a.7.1 Cyclic voltammetry

During cyclic voltammetry measurements, the working electrode poten-
tial is swept linearly at a constant rate between a lower and upper limit.
The current between the working and counter electrode is measured at
every potential. For electrode materials, peaks will be visible in the cyclic
voltammogram. Positive currents can be assigned to lithium extraction
from the working electrode. Negative currents indicate lithium insertion
into the working electrode. Integration of the peaks will return the total
charge inserted into or extracted from the working electrode.

a.7.2 Rate capability

The goal of rate capability measurements is to determine how the effec-
tive capacity of the material decreases when it is charged and discharged
at higher speeds (higher currents). In order to measure rate capability,
the cell is cycled in galvanostatic or constant current mode. The cell is
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charged and discharged between an lower and upper potential limit. The
total charge that was inserted into or extracted from the sample is calcu-
lated by integration of the applied current over time. This measurement is
performed at increasing currents to test the rate capability of the electrode.

The applied current is usually indicated in terms of C-rate. The nec-
essary current to charge the electrode to its full theoretical capacity in 1

hour corresponds with 1C. 2C corresponds with fully charging in 0.5 h
and 0.5C with a full charge in 2 h. For most materials in this work it is
impossible to calculate the theoretical capacity since the materials are not
phase-pure and hybrid organic-inorganic compounds. Therefore, the ca-
pacity that was measured at the lowest applied current is used as the
theoretical capacity to determine the C-rate for these materials.

a.7.3 Cyclability

Cyclability measurements test the stability of the electrode during repeated
charging and discharging. The cell is charged and discharged in galvano-
static mode for a large number of times during which the evolution of the
effective lithiation and delithiation capacity is monitored.
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